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CHAPTER 1

Introduction

Combustion of fossil fuels currently suppiies more than 98%
of the United States energy needs. While the development of
alternative energy sources such as nuclear, solar, and geothermal
should increase their importance in future years, it will be some
time before fossil fuel combustion is replaced as our dominant
source of energy. An estimate hy Starr[]] indicates that by the
year 2000 only 17% of the total United States energy needs will be
supplied by these alternate sources. Unfortunately combustion
processes involving fossil fuels are also major contributors to
pollutant emissions. The fraction of total emissions attributable
to combustion is shown in Table 1-1. Since it is unlikely that
combustion will be eliminated as a major energy source in the near
future it is imperative that methods of controlling pollutant
formation in various combustion processes be developed.

TABLE 1-1. Contribution of Combraﬁion
Sources to Pollutant Emissions .

carbon monoxide 89%
hydrocarbons 89%
polynuclear aromatics 93%
oxides of nitrogen 98%
oxides of sulfur 76%
particulates 73%

Aircraft engines represent a relatively small contributor

to the total air pollution problem (Table 1-2). On a local basis,



TABLE 1-2. Aircraft Contributions_to
Air Pollution, Percent of Totall3l.

co HC NOx Particulate SO

X
United States, 1968 2.4 0.9 1.7 0.1 0.03
New York City, 1968 0.6 0.6 0.2 0.2 -
Los Angeles, 1970 1.5 3.2 14 11.5 2.0
San Francisco, 1970 1.0 1.5 1.3 6.6 1.0
San Francisco, 1985 10.9 3.5 11.6 9.3 2.2

however, the growth of air traffic combined with control of other
pollutant sources could make aircraft (which are primarily powered
by gas turbine type combustors) a significant source of potlution.
This 1is particularly applicable in the immediate vicinity of an
airport and in urban air basins containing 1arger airports. The
gas turbine engine has also been mentioned as an alternative power
source for ground transportation and stationary power genera-
tion[.4’ 5] Its development as such could significantly change
its role as a minor source of air pollution.

The possible impact of high altitude aircraft emissions on
the earth's ozone layer has recently been rea]ized[GJ. This ozone
layer is responsible for filtering out harmful untraviolet
radiation from the sun's rays. Some scientists have claimed that
the addition of a relatively small amount of NOX could result in
a significant depletion of the ozone in the 1ayerp7] Crutzen[8]

has proposed a catalytic cycle involving the following reactions

NO + O3 > NO2 + O2

NO+0 >NO +0,

NET: 03 +0 » 2 02

L
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The net effect is the destruction of ozone while the total amount
of Nox is conserved. Under suEh considerations the control of NOx
emissions from gas turbine type engines takes on a special |
importance.

Typical exhaust emission data for a commercial jet engine
are shown in Figure 1-1. Both unburned hydrocarbons (UHC) and CO
are high at low power settings, whereas NOX is highest during take-
off. Inefficient combustion, as.reflected by high levels of UHC
and CO, is the result of inadequate burning rates in the primary
combustion zone followed by thermal quenching of oxidation
reactions involving intermediate hydrocarbon species and CO in
cooler downstream regions and near the combustor walls. This
thermal quenching at low power settings is primarily the result
of 1) poor fuel atomization at low fuel flow rates, 2) low primary
fuel-air ratios, and 3) low combustor inlet temperature and pres-

0],

sure Each can be reduced by providing sufficiently high
temperatures and long residence times.

NOx formation on the other hand is almost solely determined
by maximum flame temperatures existing in the combustion zone.
This strong dependence on flame temperature is shown in Figure
1-2. NOx emissions from a number of different gas turbines are
found to correlate quite well with the maximum local temperature
in the combustor (assuming stoichiometric combustion). Residence
time also has an effect, although somewhat smaller. Thus most
attempts to control NOx formation involve reductions in the flame

temperature.
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The most direct approach to the development of a 1ow
emission combustor is through minor mod1f1cat1on of ex1st1ng
combustor des1gns. This involves 1mproved fuel JnJect1on:techni-

- [12, 13]

ques, changes in airflow distribution, and waterfinjectioo .

The resulting design is a comproﬁise with }egardiio the various.
pollutants and other aspecfs of coﬁbustor:performonee'with a
limited range for improvement.

A moreipﬁomising epproach-js the deve]opment of new advanced

iyt

design combustor concepts. These include variable geometry,_staged

[12]

combustion, and premixing of fuel and air Preliminary com-
bustor desionslincorporéting these concepts'under the NASA Clean
Combustor Program have either achieved or closely approached idle
emission goals for CO and UHC. However, all combustors failed
to meet the NOx emission goal of 15 g Noz/kg fuel during takeoff[gl.
A further problem with NOx control can be expected for super-
sonic aircraft operating under cruise conditions. In subsonic
flight NOx emissions at cruise conditions. are 1essvthan those at
takeoff due to the low ambient temperature at high altitudes.
This results in a low combustor inlet temperature and a Tow flame
temperature. NOx,emissions at takeoff thus represent an
upper 1jmjt_on'expected NOx emissions. For supersonic aircraft
however, combustor inlet temperature increases.significantly with
flight ﬁach'number and can resolt in an increase in NO emissions.

Combust1on eff1c1enc1es approach1ng 100% are commonly. attained for

both subson1c and superson1c a1rcraft under cruise conditions



0f the various -advanced concepts being developed tb“r‘edu'ce"*NOx
emissions perhaps those holding the greatest promise involve Tean
premixed combustion with fuel prevaporization[14]. “Premixing and
prevaporization provide a uniform mixture of fuel and air to the
combustion zone. This eliminates locally fuel rich mixtures and
Tow temperature regions associated with soot formation and high
levels of UHC and CO. Also eliminated are locally stoichiometric
mixtures and the associated high temperatures and NO préduction
rates. *Since high inlet temperatures are desirable to aid in fuel
prevaporization and are necessary in the automotive application
of gas turbines due to regeneration, low combustion temperatures
and NOX control are attained through lean inlet fuel air mixtures.
In a premixed/prevaporized system no time is required for fuel-
vaporization and fuel-air mixing. Thus it should be possible to
minimize the high temperature residence time without reducing
combustor efficiency. This provides a further means of limiting
NOx production. A secondary advantage of -premixed/prevaporized
systems is a more uniform turbine inlet temperature, thus
eliminating local hot spots on turbine blades. It is with this
means of NOx emission control, namely premixed 1ean combustion
with elevated inlet temperatures, that the present investigation is
concerned.

The effect of primary zone uniformity on nitric oxide produc-
tion has beer studied by Fletcher and Heywood[]5] based on a statis-

tical evaluation of the primary zone equivalence ratio distribution.
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The grééter control over NO* emissions possible'ih a brémfxed system
can be seen from Figure 1-3. Injection of liquid fue] as a spray
into the combustion zone results in a wide variation in Tocal fuel
air ratio and a greatly reduced sensitivity of NOx formafion to
overa]]_equiva]ence-ratio.--By providing a uniform fuel-air mix-
ture to the combustion zone a very strong dependence of NOX forma-
tion on equivalence ratio is found. This resu]ts_in a.significant-
1y greater potential to control N0x emissions through stoichiometry
than is ﬁossib]e with conventional combustors.

it should be noted a practical limit exists on the amount
by which NOx emissions can be reduced. The above combustor design
concepts involve control of combustion temperature, and to.a lesser
extent combustor residence time, to minimize emissions at all
operating conditions. As mentioned previously the oxidation rates
of UHC and CO depend on temperature as does the NO formation rate.
As a result for a given residence time, only a finite range of
temperatures exist where both NOX and CO can be maintained at
relatively low levels. This is shown in Figure 1-4 for a hypo-_-
thetical combustor. The Timits for CO and NOx shown in the graph
correspond td 1977 automotive standards for a fuel consumption_of:
4.25 km/e. UHC emissions closely follow the trends shown for CO.

The combustor chosen for this study is an opposed reacting
jet (ORJ). The ORJ is shown in Figure 1-5. It conéists of a main
premfxed stream of fuei and air, and a smp]]er'stream_oflpfemixed
fue] and air'injected along the centerline aﬁd in.a directfbn |

opposite to the main stream. The result is the fdrmation of a
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stagnation region and a zone of strongly recirculating combustion
gases. This recirculation of hot partially burned combustion
gases back upstream into the flame zone allows stabilization of a
flame at velocities significantly higher than the flame velocity
associated with inlet conditions.

The ORJ has several advantages which make it adaptable to an
investigation of the elementary processes governing pollutant
formation. These are primarily due to the simplified geometry and
flowfield it provides. In a more complex combustor configuration
such as encountered in many full scale combustors separation of
fluid mechanical and chemical kinetic aspects of the combustion
process is extremely difficult. A model combustor such as the
ORJ facilitates this process by providing greater control over
those parameters which most affect pollutant formation. These
include equivalence ratio, inlet temperature, and recirculation
zone size. The axisymetric geometry of the ORJ also simplifies
the specification of boundary conditions and the choice of a grid
network for the numerical finite difference calculations which
are discussed in Chapter 4.

The existence of a recirculation zone provides a relation
between the ORJ and most real combustor systems. In a typical
gas turbine type combustor recirculation into the primary combus-
tion zone is controlled by secondary air injection through
circumferentially located holes in the combustor walls, swirler -

vanes located at the upstream end of the combustor, or a combina?
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tion of these. A schematic of the resulting flowfields for a

conventional combustor and two advanced design combustors are
shown in Figure 1-6. Most advanced combustor designs are provided
with a capability for premixing fug] and air in an optimum ratio

to Timit pollutant formation, but flame stabilization in the pri-
mary combustion zone is still provided by recirculation. Thus a
fundamental study of pollutant formation in a simplified recircula-
tion zone such as that provided by the ORJ has direct application
to most gas turbine type combustors.

Propane (C3H8) was selected as a fuel in the present investi-
gation. This lead to difficulties in the kinetic modeling part of
the investigation due to uncertainties in the high temperature pro-
pane oxidation mechanism. However, propane was felt to be more
typical of the higher hydrocarbon constituents found in
aircraft fuels such as JP-4 than perhaps methane which is better
understood kinetically but less realistic as an aircraft fuel.

A comparison of operating conditions in the model ORJ combus-~
tor of the present investigation with those in several current and
proposed gas turbine combustors is shown in Table 1-3. It can be
seen that both the maximum combustor inlet temperature (600° K)
used in the present investigation and the combustor exit tempera-
tures attained are comparable to those encountered in full scale
gas turbine combustors. Equivalence ratios given for the full
scale combustors represent overall values, including dilution air,
and are therefore not directly comparablie with the values used in
this investigation. Actual combustion incurrent full scale combustors

occurs at more nearly stoichiometric conditions.
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REPRESENTATIVE OPERATING CONDITION COMPARISO:
AND PROPOSED GAS TURBINE COMBUSTORS

?QSF PRESENT

TABLE 1-3.
| ' COMBUSTOR g
CRUISE CRUISE COMBUSTOR INLET INLET COMBUSTOR EXIT  EQUIVALENCE
COMBUSTOR MACH. NO. ALTITUDE (m) TEMPERATURE (°K) PRESSURE (atm) TEMPERATURE (°K) ‘RATIO, ¢ FUEL
Pratt & Whitney 0.85 10,700 710 9.7 1410 o .018*  Jp-4
JT9D .
Future Turbofans 0.85 12,200 661 7.2 1540 ,026%  JP-4
(subsonic) _ S
RB 211 . 0.85 10,670 703 10.1 - : - Jp-4
Olympus 593 2.0 17,700 824 6.5 1320 N 1) 3 LI X S
. . w
GE-4/J5P 2.7 19,810 866 5.4 - : S P-4
Future duct 2.7 19,800 810 4.7 1770 ©.0299% JP-4 -
burning turbo-. ' ' - e
300-600 1.0 1400-1900 © '0.45-0.625 Propane - -

fans (supersonic)

This study .

_if:Ovéra]l combustor equivalence ratio, includes primary and secondary air
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The pressure in the model ORJ combustor is significantly IGWer'
than in full scale combustors. - However the primary effect of a
higher inTet pressure on the combustion process is through an
incfeaée fn flame temperéture. Thus an increase in pressure
could be expected to reduce both UHC and CO levels and increése the
NOx 1eye1§ measured in this study. A premixed/prevaporized system
achieves emission reductions primarily through combustion tempera-
tufe control. As mentioned above, the temperature range investigat-
ed is similar to that which would be encountered in full scale gas
turbine combustors. The effect of higher inlet pressures under
actual operating conditions would be compensated for by a decrease
in equivalence ratio and therefore emission Tevels could be expected
to be similar in the model ORJ combustor and full scale premixed/
prevaporized systems.

~ In Chapters 4 and 5 an analytical modeling technique is

described and the predicted results from this model are compared
with experimental results in an attempt to evaluate the usefulness of
his model in predicting flowfield property and species concentration
distributions. Combustor design development has usually involved
somewhat of an empirical trial and error approach in which previous
experience and experimental data on full scale combustors.are used
to modify existing-designs until the desired results with respect
to ¢6mbustor_performance or emission levels is achieved. Such
an approach however can be quite time consuming and expensive.

Much of the time consuming experimental work associated with
this approach can be eliminated by utilizing the predictions of

analytical modeling techniques. This can be done only if such
modeling techniques can be demonstrated to yield accurate predic-
tions of combustor performance for the complicated flowfields
characteristically found in practical gas turbine combustors.



CHAPTER 2

EXPERIMENTAL INVESTIGATION

The exper1menta1 part of this investigation deals with the
measurement of deta11ed composition and temperature prof11es in an
opposed reaet1ng Jet combustor operating under fuel lean cond1t1ons.
The present chapter describes_the.experimental,equipment and pro-
cedures associated.with this investigation. -The combustor test
facility is described in section 2.1. Section 2.2 discusses the
selection and fabrication of analytical equipment associated with

the composition and temperature measurements.

2.1. Experimental Facility

A schematic diagram of the experimental apparatus is shown
in Figure 2-1. Air is supplied by the house air system. The
humidity of the incoming air is measured continuously and found to
remain constant at 0.00151 gm H20/gm air. Installation of sfx 6-Kw
resistance heaters provide control over the reactant inlet tempera-
ture up to approximately 700 K. Propane and main stream are mixed
upstream of the combustor test section in a venturi section. The
flow then passes down a 1.0 meter long straightening section to
assure a fully developed velocity profile and uniform composition.
Measurements were made of the radial ve10c1ty profile at the test
section inlet using a stagnat1on pressure probe in conjunction w1th

a static pressure tap in the wall. The ye]oc1ty,prof1Je_1nd1cated

15 -
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turbulent Flow exists under the entire range of experimental conditions
(Re > 104). Composition measureménts using a quartz sampling probe

and a mass spectrometer-for analysis of Np» 0, and C Hg showed, that

the venturi mixer is effect1ve in. produc1ng a un1form compos1t1~n
profile at the test sect1on inlet. o '_ B | o 2

The combustor test section is shown 1n F1gure 2 2 The test
section consists of a 58 mm I.D. x 356 mm 1n 1ength high temperature
vycor liner. The test section is wrapped 1n 25. 4 mm th1ck asbestos
lagging to make the combustor more near]y ad1abat1c Temperatures
were measured at several locat1ons inside the 1agg1ng to determine
lagging effectiveness. The resulting temperature rrofiles indicat-
ed a heat loss of less than 0.3 percent of the total energy release
due to combustion.

Jet air and propane are metered separately through rotometers
and mixed in a mixing tee before passing into the jet injector.
The stainless steel jet injector extends 63.5 mm into the test sec-
tion. It has a 6.35 mm 0.D. and a 3.97 mm I.D. at the jet exit the
inner diameter is reduced to 1.59 mm through a converging nozzle.
The 1mjector is of standard triplebmalT'constructhh_to allow water
coo]imé_and operation of the ORJ at high combustion temﬁeratures.

The eXperimenta] facility is discussed in more detail in Appendix A.

2.2._"Ana1yt1ca1 Equipment

2.2.1. Composition Measurements

Two primary considerations must be dealt with when tak1ng
composition measurements in combustion systems Any disturbance to
the system being sampled from must be m1n1m1zed and an accurate or

representat1ve sample must be transferred to the gas analysis equipment.
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Three commonly used gas sampling probes are cooled stainless
steel probes and cooled and uncooled quartz microprobes. In the
case of the cooled probes, chemical reactions are quenched through
a rapid reduction in temperatureg]s] Additional quenching is often
provided by expansion of the sample gases to a low pressure through
a smail diameter orifice located at the tip of the probe. A major
disadvantage of the use of water cooled probes in recirculating
flow systems is the possibility of disturbance to the system due
to flow along the cold outer surface of the probe. In an effort
to minimize this effect, it was decided to use a small diameter
uncooled quartz probe designed according to recommendations by
Fristrom and Westenberg.[]g]

A comparison of NOx measurements using a totally uncooled
quartz probe and a water cooled quartz probe indicated that N0x
levels up to a maximum of 20% higher were obtained with the uncooled
probe. These measurements were taken near the outer flame zone where
the flow is predominantly downstream and the effect of the cooled
probe walls on the combustion process was felt to be minimal. Thus
the higher NOX levels obtained with the uncooled probe were
attributed to NOx being formed in the probe. It was felt this was
due to the high temperature of the probe walls resulting from the
extended length ( 178 mm) of uncooled probe surface exposed to the
hot combustion gases. This probe formation of N0X was eliminated
by encliosing all but that portion of the probe entering the recircu-
lation region in a stainless steel cooling jacket.[]gj The two
probes used in the present investigation are shown in Figure 2-3.

Both probes are identical except for the 45° bend in the lower probe.
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This bend made it poss1b1e to obtain measurements in the recircula-
tion region up to the combustion centerline.
 The probe is mounted on a specially built traversing mechanism

wh1ch prov1des three degrees of freedom (Figures 2-4 and.2-5).
N1th the probe 1nserted through the downstream end of the test sec-
t1on rad1a] post1on can be contro]]ed to the nearest
0.025 mm us1ng m1crometers wh11e ax1a1 pos1t1on can be contro]]ed
to the nearest 3.0 mm | | g

To determine the effectiveness of quenching, deta11ed kinetic
calculations were made for temperature and pressure profj]es in‘the
probe which were felt to reasonably approximate the actual profiles.
These calculations and the results are described in Appendix B. The
p;obe was predicted to provide quenching for the stable species C3H8’
CO C02, H20 02, NO and N2 HoWever, as A11en[19] has pointed
out wall reactions in'which NO can undergo recomb1nat1on reactions
with radicals (e.g. O, HOZ) to form NO2 may be important in sampling
probes. Wall reactions were not inc]uded in the above kinetic
ca]cu]at1ons, and no attempt was made to include react1ons, 1nvo]v-
1ng convers1on of NO to NO o '

The sample passes through a 6 35 mm d1ameter tef]on 11ne to
the gas ana]ys1s equ1pment after leaving the probe Th1s is shown
1ntf1gure 2-6. Carbon monox1de was measured using a Beckman Model
315A nondispersive infrared analyzer. The presence of water in the
sample is known to interfere with CO measurements. However, at the
concentrations of interest in the present work (less than 10 mole

percent H20) this interference was negligible.
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“NO and N02 were measured using a laboratory built chemilumi-
nescent nitric oxide detector modified for the measurement.of.totél
NOx"by the addition of a heated length of molybdenum tubing[zo’ 211'
The heated molybdenum catalytically promotes the dissociation of NO2
to NO. N02 is then taken as the measured difference between the
total NOx and the NO readings.

Several difficulties are encountered when measuring oxides of
nitrogen. Tuttle, et 213[22] has pointed out that water condensa-
tion in the sample 1ine is associated with sigm‘ﬁ'cant.NO2 losses.
This problem was solved by maintaining the sample line pressure
at approximately 30 torr to prevent water condensation. A buildup
of carbon particulate in the sample system has been shown[zz] to
result in adsorption of NO2 and reduction of NO2 to NO. However,
because of the lean conditions of the present experiment, very little
carbon was produced. This was verified by placing a particulate
filter in the sample line. No carbon buildup was found to occur on
the filter. Thus the presence of carbon in the sample line was not
considered to be a source of error in composition measurements.

NO measurements using a chemiluminescence detector can also
be affected by the presence of H20 and CO2 in the gas samp]e.[?3’ 24]
This is due to the different third body efficiencies associated with

the third body decay reaction

* 1
NO, + M>NO, + M (2-1)

Reaction (2-1) is in competition with the photorelaxation reaction

*
NO2 > ND2 + hv (2-2)
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Thus variations in the concentrations of H20 and CO, at different
combustor locations can have an effect on measured NOX-readings.
This effect was quantized through calibration and corresponding
ébfrgétiohs were applied to the-data'(Appendix-C).- A1l NOX‘measure-

.ments in this'invésfigatidn were carried-out at a pressure of 2.7
torr in"the chemilumihéscence'detector. ‘At this pressure the
presence of 10 mole percent 002 in the Né carrier gas was found to
result in NO readings approximately 5 percent too low. Interference
corréctions for HZO were épproximately"3'times those of'C02; - These
valﬁeé-ére'fn agreement with those of other investigators;[23’ 24]

Other stable species were measured using a Bendix model 17-210

time-bféfTight mass spectrometer. These species included H20, 02,

Nz,-COé; and:C3H8. In the case of H20 and 02,‘diStinct mass spectra

peaks free from any interfering species existed at mass numbers

" ‘(m/e) of:17 and 18 for H20 and 32 for 02 and the concentrations were

determined directly. N, (m/e = 18), €0, (m/e = 14, 44), and C,Hg
(m/e = 14, 48, 44) had interfering peaks and a least mean squares
[25]

computer program developed Ly McLean and Sawyer was used to

analyze the data. Note in the case of N2 and C3H8 that secondary
peaks, and not the primary or base peaks, were used to determine the
tthe%f'coﬁcentrations: Use of the above peaks was found to minimize
“interference between the various species and provide maximum -
reproducibility.

" Hydrocarbon species other than propane most certainly exist
at some point.in the combustor. Investigations by Glassman, -

et gl.[zs] of propane in an adiabatic flow reactor indicate interme-

diate species C3H6, C2H4, CH4, and C2H6 exist in measurable guantities
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during the early oxidation phase of C3H8. However, examination of
the mass spectra obtained in the present work indicated these
species existed in negligible concentrations compared to other
species of interest. Because of this the only unburned hydrocarbon
species measured quantitatively was propane appropriate corrections
were applied to the mass spectrometer data to account for the

presence of CO.

2.2.2. Temperature Measurements

Temperatures were measured using a Pt/Pt-13% Rh fine wire
thermocouple. The thermocouple and supporting ceramic stem are
shown in Figure 2-7. A yttrium chloride-beryllium oxide coating
developed by Kent[27] was used to reduce the possibility of cataly-
tic reactions occurring on the thermocouple surface. The thermo-
couple probe was mounted on the same traversing mechanism as was
used with the sampling probes.

Thermocouple measurements in the present combustion system

involve measuring relatively high temperatures (v 1800 K) in regions

where steep temperature gradients often exist. Under such conditions
both radiative and conductive heat losses from the fhermocoup]e
junction can be important. The use of 0.076 mm lead wires between
the juction itself and the stronger 0.254 mm diameter support wires
can be shown to make conduction losses negligib1e.[28] The lead
wires are butt welded together to form a junction only slightly
larger than the lead wire diameter (approximately a 0.114 mm
diameter bead). Since readiative losses are proportional to bead
size, this also acts to minimize radiative losses from the thermo-

couple junction. For a fine wire thermocouple the difference
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between the gas temperature and the measured thermocoup]e tempera-

ture can be est1mated from the fo]]ow1ng re]at1on

_Oe B Ay
TG - TTc = (TTC-- Tw)_'. _ (2-4)
where
TG = actual gas temperature
TTC = measured thermocouple temperature

T = combustor wall temperature

o = Stefan-Boltzman constant
e = emissivity of the thermocouple junction

h = heat transfer coefficient

The heat transfer coefficient, h, can be obtained from the

expression.[zs]

0.2

N = D9~ 0.42 P02 5 0.57 pr0-33 R0+ (2-5)

k

which is valid for 0.01 < ReTC < 10000. Here d is the thermocouple
junction diameter and k is the gas thermal conductivity. Unfortu-
nately the information needed to calculate thermocouple corrections
from the above equations is largely unknown for the flowfield of the
present investigation. Estimates can be made of the local gas
properties for those cases in which complete composition and tempera-
ture measurements were taken. However velocity measurements which
are needed to calculate the local Reynolds number were not made, and
in a recirculating flow such as encountered here even an estimate of
the velocity distribution would be difficult. Because of these

difficulties radiation corrections to the thermocouple measurements
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were not aftémpted. The maximum correction was estimated to be on
the order of 200° K at a measured temperature of 1800° K. Thié
represents an error approximately 10% in the temperature measure-

ments.



CHAPTER 3

EXPERIMENTAL RESULTS -

Chapter 2 discusses the experimental apparatus and describes
the analytical equipment used in taking experimental data{ This
chapter presents the experimental results obtained for the opposed
reacting jet. Experimentally determined lean stability limits of
the ORJ and methods of increasing these stability limits are
discussed in Section 3.1. Section 3.2 discusses operating point
selection. Selected composition and temperature measurements are
presented in Section 3.3. NO data are discussed in greater detail
in Section 3.4. A complete set of experimental data for all operat-
ing conditions can be found in Appendix D.

3.1. Stability Limits

As was mentioned earlier, the purpose of this investigation
is to examine the formation of pollutant species in a recirculat-
ing reacting flow under fuel lean conditions. Thus initial efforts
were directed toward determining the lean stability limits of the
opposed reacting jet and extending these limits to lower equiva-
lence ratios.

The primary variables which affect the stability limits of
the ORJ are jet stream equivalence ratio, jet stream flow rate,
and main stream inlet temperature. Changes in jet stream inlet
temperature when a premixed fuel/air jet was used were found by
Noon[29] to have little effect on stability Timits and were not
considered. Figure 3-1 shows the effect of increasing jet stréam

equivalence ratio at a constant jet velocity. The main stream

30
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equivalence ratio at blowout can be reduced only by increasing the
jet Stream equivalence ratio. The net result 15 Tittle or no
reduct1on in the equivalence rat1o of the recirculation regaon
Indeed, Fuhs[30] has proposed that there may be one un1que b]owout
curve of main stream velocity at blowout as a function of equ1va-
1ence ratio 1in a small "critical" zone located at the upstream end
of the recirculation region. A further consideration is that 1n
the numerical ca1cu]at1ons one spec1es conservat1on equat10n can

be _e11m1nated by ma1nta1n1ng a un1form equivalence rat1o-through-
out -the flowfield. This can be accomp11shed by keeping the pr1mary

":

stream and jet stream equ1va1ence rat1os .equal. Thus extend1ng

-

the stability limits to lower equivalence ratios through a'var1a-

tion in the jet stream compos1t1on does not appear usefu] 1n the

\ ( S
L RN

current application. ‘
. Stable operation with both a lean primary and jet stream can
be accomp11shed by increasing the jet exit velocity, as is shown
in F1gure 3-2. There is however a 11m1t on 1ncreas1ng the Jet
velocity The Mach number at the jet ex1t shou}d be kept less
than 0. 5[3]] to avoid compressibility effects. Compress1h?11ty
effects threaten the convergence of the numerical so]utionﬁand
change the nature of the-governing equations-from e111pt1c to
hyperbo]1c A Jet ex1t ve]oc1ty of 168 4 m/s corresponds to
MJET EXIT 0 5 and thus represents an upper 11m1t
w1th a Jet ex1t veloc1ty of 168 4 m/s the flame tip is located

approx1mate1y 230 mm upstream of the Jet ex1t A shorter flame

zone would be desirable for two reasons. First, probes of the
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type used in this investigation (with a triple-wall water cooling
jacket) become more difficult to construct as their length
increases. Second, a longer flame zone requires a greater number .
of grid points to obtain an accurate numerical solution. This

can significantly affect the time required to obtain a solution.
For the composition and temperature measurements of the present
investigation a jet exit velocity of 95.9 m/s was selected. This
allowed a significant reduction in the number of grid points
required (the maximum upstream position of the flamefront was
approximately 152 mm)while at the same time providing a flame zone
large enough to make possible good spatial resolution in the com-
position and temperature measurements.

The most effective way of increasing the lean stability
limits of the ORJ was found to be an increase in primary stream
inlet temperature. This is shown in Figure 3-3. For a jet exit
velocity of 95.9 m/s and a primary stream velocity of 7.74 m/s,
an inlet temperature of 600°K allowed stable operation to be main-
tained at an overall equivalence ratio as low as 0.45. An
increase in jet velocity would of course reduce this stability
limit further.

3.2. Operating Conditions

The operating variables affecting NOx formation in the ORJ
are 1) main stream inlet temperature, 2) equivalence ratio, and
3) main stream inlet velocity. The affect on NOX formation occurs
primarily through a resulting change in flame temperature and

combustor residence time. Experimental composition and tempera-
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ture @easurements were caffied ouf.over a range of theée dp;;a;ing
variaﬁ]es_which wou]d_refiéct thejr_inf]ugnce_on-Nbx proéqctjon..
The experimental conditions considered are shown in Tab]e,35];. In
all cases, the jet stream velocity and temperature were mafntained
constant at 95.9 m/s and 295°K respectively. NOX, NO and tempera-
ture profiles were measured at all conditions. 02, coz, Héo, Cco,

and unburned hydrocarbons were measured only for cases 1, 3, and 6.

TABLE 3-1. EXPERIMENTAL OPERATING CONDITIONS

N MAIN STREAM
EQUIVALENCE™ MAIN STREAM INLET  VELOCITY ADIABATIC FLAME
CASE _ RATIO _ TEMPERATURE (°K) _ (m/sec) - TEMPERATURE (°K)
1 0.625 300 7.76 1746
2 0.625 450 7.74 1857
3 0.625 600 | 7.74 1970
4 0.625 600 1359 :5'1950
5 0.550 600 7a _1838”
6 0.450 600 7.74 1649

*Jet and main flow equivalence ratios are equal in all cases
reported. '
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3.3. Composition and Temperature Measurements

o fn thi§ section-representa%ive axial and radial profiles are’
prééenféd and discussed. For clarity, the section is divided
into three subsections, 3.3.1, 3.3.2, and 3.3.3, in which cases
1, 3, and 6 are discussed individually. Emphasis is placed on the
" hydrocarbon system, although profiles -for oxides of nitrogen' . =
: preSgnted’as total Nox are also. presented. The effect of operat-
“ing conditions.on Nox formation and measurements of NO-and NO2

are discussed in more detail in Section 3.4.

3.3.1. Case 1: ¢ =0.625, T_ = 300 K, Vp =7.74 m/s.

Selected axial concentrazion and temperature profiles for
. case 1 are shown in Figures 3-4 through 3-6 at radial positions
of 19.2, 11.6, and 1.4 mm from the centerline, respeétiQe]y. It
shou1q be noted no temperature measurements were taken at the |
1.4 mm position due to probing limitations. The profiles of
Figure 3-4 (r = 19.2 mm) show that CO Begins increasing approxi-
mateiy 110 mm upstream of the combustor exit. The Tow temperatures
encountered at this radial location (T.< 800°K) indicate this is
probably the result of diffusion from the inner combustion region
since Tittle pyrolysis of C3H8 would be expected at these tempera-
tures. The same considerations would also apply to the apparent
bui]dup.of other combustion products such as CO2 farther down-
stream.

Axial concentration and temperature profiles at a radial
position of 11.6 mm from the combustor centerline are shown in
Figure 3-5. A difference is immediately apparent between the

turbulent combustion encountered in the ORJ and atmospheric
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case |. Tp =300 K; ¢ = 0.625; Vp = 7.74 m/s;
Vg = 95.9 m/s.
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laminar flames in which the flamefront extends over a distance
of-:only several millimeters. As can be seen in Figure 3-5 the
flamefront extends over a much greater axial distance (appfoki-
mately 20 mm) due to the turbulent unsteady nature of the flow-
field.  The decrease in C4Hg-and H,0 is accompanied by a rapid
rise in temperature to approximately 1200 K as the flamefront is
crossed. In agreément with laminar flame studies[]7’ 26] H.,0
forms more rapidly than does C02. This is due to the more rapid
kinetics associated with HZO formation.

The absence of maximum CO at the flamefront can be seen in

Figure 3-5. CO levels in fuel lean systems are controlled by a

balance between the primary CO formation and destruction reactions

HCO + 0H > €0 + H0 (3-1)
- CO + OH - CO2 + H (3-2)
The absence of an initial maximum in CO indicates that under
the conditions existing at this radial location the rates of
reactions (3-1) and (3-2) are comparable. Rate constants for
" thése reactions have been given as
Tog k] - 1013.7 [32]

4 [33]

10.83 + 3.94 x 107 T

log k2
~ Note that ky is independent of temperature and, for temperatures
gféatek than 1200 K, k, is a strongly increasing function of
temperature. The ratio of the rates of production and destruction

of CO via reactions (3-1) and (3-2) can then be written

R _ [co 2.87 + 3.94 x 1074 1
R, = THCO]

10
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Thus on the basis of temperature only, a maximum in CO cou]d’be_;

expectéd at lower temperatures (R] >> Rz){ This is contrary, to
the resuits of the present investigation. A maximum in CO was
found to occur only in high temperature regions (see for_examp]e'
Figure 3-6). It therefore appears that the presence (or lack) of
a maximum in CO is attributable to the more rapid formation of .-
HCO via propane oxidation at higher temperatures.. Uncertainties
in thé propane oxidation mechanism make it difficult to draw any .
further conclusions

. Fenimore and Moore[34] have shown that for temperatures
greater than 1300 K and sufficiently low post-combustion gas

5 T2

cooling rates (-dT/dt < 3.4 x 10 exp (-19790/T) K/sec)
reaction (3-2) is in partial equilibrium. These conditions appear
to be true here once the initial flamefront (as characterized by

a rapid rise in temperature) has been traversed. Thus in the
downstream region of Figure 3-5 the relative concentrations of CO

and 002 are governed by the partial equilibrium expression

0l _ 1 TH i
w0, ~ [_lLOH] (3-3)

where K, is the equilibrium constant for reaction (3-2). Since

the temperature is relatively constant from the initial flame-

front to the exit, it appears that the ratio [CO]/[COZ] is prim;rily

controlled by the relative radical concentrations, in particﬁ]ar

[H]/LOH]. | |
Figure 3-6 shows:concentration profiles atr = 1.4 mm from.

the combustor centerline. The flamefront is now 1oéated

approximately 150 mm upstream of the combustor exit. The
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Figure 3-6. Axial concentration and temperature dis-
tributions at a radial location of 1.4 mm
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relatively high levels of CO2 and H20 indicate more complete
combustion occurring in the intensely mixed recircu]ation.zone
upstream of the jet exit due to the relatively long residence
time and high temperatures in the recirculation zone. The maxi-
mum mole fractions for H20 and CO2 of 0.093 and 0.072 compare
ciosely with equilibrium values of 0.093 and 0.0747.

The CO and CO2 profiles appear at first surprising, wfth a
peak in CO2 appearing upstream of the CO. A possible explanation
of this result can be found in the recirculating nature of the
flowfield, with the flow at this radial position moving upstream
due to the high jet velocity. This peak in CO is probably
associated with the oxidation of jet injected C3H8‘

Some general observations can be made concerning NOx forma-
tion based on the results shown in Figures 3-4 through 3-6. The
strong dependence of NOX on temperature and residence time is
apparent, with NOx increasing as one moves radially inward higher
temperature and downstream toward the combustor exit (longer
residence time). Maximum NOX levels occur in the recirculation
zone (3.2 PPM) where relatively high temperatures and long resi-
dence times occur.

Typical radial profiles for case 1 are shown in Figures
3-7 through 3-9. At the combustor exit (Figure 3-7) the low
temperature and combustion product concentrations near the Vycor
wall indicate the flamefront has not yet reached the outer Vycor
wall. Moving radially inward a buildup of H,0, CO, and 002 occur

with a corresponding decrease in C3H8 and 02. The maximum -
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femperature attained of 1380 K compares with an adaibatic flame
fémperature of 1740 K, reflecting both radiative losses from the
thefmotoub]e and incomplete combustion. Using Equation (2;4) the
}édiatfve losses can be calculated to be approximately 200 K at
fhe combustor exit.

A;relative1y rapid increase in coé can be seen as the jet
wél] is'approached even though the temperature éppears to be
decreaﬁing. This can be accounted for by the downstream transport
of the large quantities of CO2 existing in the recirculation
region as opposed to any increase in the local oxidation rate of
co.

The NOX concentration profiles again closely follow the
temperature profile, reaching a maximum of 2.4 PPM in the high
temperéture combustion region. The effects of radial diffusion
are apparent in the finite quantities of NOx existing as the
Vycor wall is approached even though the temperature has decreased
to a re]ative]y Tow value.

Figure 3-8 presents radial profiles of the same speciés at an
axial position of 88.9mmupstream of the combustor exit. The
flamefront has moved inward toward the combustor centerline. The
effect of the jet injector is characterized by an increase in 02
and a decrease in H20 and C02 as the center1jne is approached.

The rapid increase in CO accompanied by a relatively low level of
C,H, as the centerline is approached indicates a rapid oxidation

38
of jet injected C3H8 to CO.
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At a distance of 114.3mm from the Combustor exit (Figure 3-9)
the effects of jet.ihjeéted reactants. have almost entirély dis=
appeared; The concentrations of 02,~H20, co, ahd C3Hé havélb?gome

‘fair]j‘uniform over the entire recirculation fégjon. ‘The 602'
»Eonééﬁtration is also relatively uniform across this regioﬁ'with'f
:xhe*exception of a dip between the centerline and the outer f]amé-
Mfront. Once again, since conditions are such in the recirculation
zone that partial equilibrium of keactipn (3-2) would be expected,
this reflects the interaction of relative radical concentrations
(specifiéale H and OH) and temperathfe and their effect on this
partial equilibrium via Eguation (3-3).
3.3.2. Case 3: ¢ = 0.625, Tp = 600 K, Vp = 7.74 m/s
Experimental results for case 3 are shown in Figures 3-10
l.through 3-14. The axial profile shown in Figure 3-10 for a radi&ﬂ
 position of r = 11.6 mm from the centerline reflects the inf]Uence
6f the elevated inlet temperature. The sharp initial peak in CO -
that was characteristic only of the high temperafﬁre recirculation
zoﬁé in case 1 is present here at all radial Tocations. This
maximum in CO is followed by much more rapid conversion of CO to
002 than was found in case 1. As the combustor exit is-apprOached
C3H8 and CO mole fractions decrease to much lower values, accom-
panied by much higher concentrations of COZ'

NOx concentrations have increased by nearly a factor of 4
over those obtained in case 1. This is primarily a result of.the
higher combustion temperatures and the larger region over which

these temperatures are maintained. Maximum concentrations are
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obtained at the combustor exit. This reflects the linear_deben-
dence of NO formation on residence time since temperature.isx.
maintained at relatively high values across much of the combustor.

At a radial distance of 1.4 mm from the combustor centerline
(Figure 3-11) the flamefront has become quite steep due to the
effect of the elevated inlet temperature. The mole fractions of
H20 and 002 rise abruptly and remain approximately constant as the
jet exit is approached. A sharp peak occurs in the CO at the
upstream flamefront. The rise in CO at the two points nearest
the jet exit indicates the possibility of a second peak due to the
oxidation of jet injected propane just after the jet exit.

Radial profiles at the combustor exit are shown in Figure 3-12.
Due to the higher inlet temperature the flamefront has spread out
much farther into the main stream flow than in case 1. Significant
combustion occurs almost entirely across the combustor exit. The
primary combustion products are H20 and CO2 with very little of
the C3H8 and CO remaining. Mole fractions of HZO’ COZ’ and CO
correspond closely to the equilibrium values of 0.099, 0.0744, and
0.0003, respectively. The average temperature is in excess of
1700 K (uncorrected) over most of the combustor exit. This com-
pares with an adiabatic flame temperature of 1970 K.

Radial profiles at an axial distance 88.9mmupstream of the
combustor exit are shown in Figure 3-13. While the effects of
the jet injector were readily apparent in case 1 as a decrease in

CO2 and H20 and a sharp increase in CO near the combustor center-

line, such effects are significantly reduced here. Only a small
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1.4 mm from the combustor centerline.
Experimental case 3. T, = 600 K; ¢ = 0.625;
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decrease in CO, and a slight rise in CO can be seen in Figure'3;15
as the cenfer1ine is approached. ' This again ref]ects.the more
rapid oxidation of C3H8 and CO at the higher combustion tempefa-
tures of case 3. A region of relatively uniform compqsition’
appears to exist out to approximately 20.0 mm from the combustor
centerline. Such uniform radial profiles were found to be typical
in the recirculation region of case 3.

3.3.3. Case 6: ¢ = 0.45, Tp = 600 K, Vp =7.74 m/s

Axial profiles for case 6 are shown in Figure 3-14 and 3-15.
The general characteristics of these profiles are quite similar
to those of case 1. At a radial position of 11.6mm from the
centerline the flamefront is fairly well defined, with abrupt
changes in temperature and species concentrations. No initial
peaks in CO exist. This behavior was also characteristic of the
Tower temperature regions in case 1. The temperature increases
to a value of approximately 1400 K and remains relatively constant
as the exit is approached. This compares with a maximum tempera-
ture for the same axial profile of 1300 K in case 1. Since the
adiabatic flame temperature is lower for the present case (1649 K
versus 1746 K for case 1), an explanation would seem to 1ie in
the more complete combustion attained in case 6.

Figure 3-15 shows concentration and temperature profiles at a
radial distance of 1.4 mm from the combustor centerline. The
flamefront has become very abrupt, as indicated by the rapid rise
in H20 and C02. As the jet exit is axially approached the influ-

ence of jet injected reactants again becomes apparent as an
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increase in 0, and C3H8. As with case 1 the mole fractions asso-
ciated with H20 and COZ’ 0.075 and 0.054 respectively, compare
quite closely with the equilibrium values of 0.073 and 0.055.

A comparison of Figure 3-15 with the corresponding axial
profile for case 1 (Figure 3-6) indicates a peak in the CO concen-
tfation in both cases. However this peak occurs closer to -the
jet exit and is significantly higher in case 1, indicating more
rapid conversion of C3H8 to CO. This primarily reflects the effect
of increased equivalence ratio on the C3H8- oxidation rate since
the jet.temperature is the same in both cases.

An examination of the experimental data reveals that the
flamefront in case 6 extends farther out into the main stream than
in case 1. Thus it appears that differences between cases 6 and 1
can be explained by the existence of two regions in which either
equivalence ratio or inlet temperature exerts the dominant
influence. Near the combustor centerline since the jet inlet
temperature is the same in both cases, the effect of a higher
equivalence ratio for case 1 results in a higher local temperature
and a more rapid oxidation of C3H8 to €O and of CO to 002. In the
outer regions of the combustor the effect of an increased inlet
temperature in case 6 compensates for the decrease in equivalence
ratio. The result is a flamefront extending farther out into the
mainstream and farther'upstream (i.e., greater flame velocity) and

a higher flame temperature being achieved in the outer regions of

the combustor.



-58-

Radial profiles at the combustor exit are shown in Figure
3-16 for case 6. The maximum NOX level achieved is 1.26 PPM. This
is less than half the maximum value of 2.9 PPM obtained in case 1
in spite of a 300 K increase in inlet temperature. Comparison of
the NOx profile at the combustor exit with that of case 1 (Figure
3-7) shows that NOX concentrations in the present case are less
than those of case 1 over the entire combustor exit. This is sur-
prising in that temperatures in the outer regions of the combustor
were found to be higher in case 6. Two explanations can be pro-
posed for this. First, due to the higher apparent temperatures in
the recirculation region for case 1 greater quantities of NOX would
be expected to form in this region (a maximum of 3.5 PPM was found
in the recirculation region for case 1 versus 1.4 PPM for case 6).
Through radial mixing the NOx levels attained in the reciréu]ation
zone will effect those levels obtained away from the combustor
centerline, especially downstream as the combustor exit is
approached. NOx formation is also dependent on 0 atom concentra-
tion. Thus a difference in 0 atom concentration profiles yields
a second possible explanation. Unfortunately 0 atom concentrations
were not measured and therefore no conclusions can be drawn about
the validity of this explanation. As in the recirculation zone,
both H20 and CO2 approach their equilibrium values as the jet wall
is approached.

Radial profiles for case 6 at axial distances of 114.3 mm
and 139.7 mm from the combustor exit are shown in Figures 3-17

and 3-18 respectively. These profiles are similar to the corres-
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ponding profiles for case 1. Again the compositfon is quite uni-
form across the entire recirculation region. The mole fractions
of both'H20 and CO2 are aﬁproximéte]y equal to their reéspective
equi]ibfium values. The dip in fhe CO2 profile near the center-
line is due to the slower rate of CO oxidation upstream of the
jet exit.

3.3.4. Summar

The results of this section emphasize several important
aspects of combustion in the ORJ. Most apparent is the existence
of a well mixed region corresponding to the recirculation zone
upstream of the jet exit in which species concentrations are quite
uniform once the effect of jet injected reactants has disappeared.
In all cases the mole fractions of H20 existing in this zone
approach those that would be expected at equilibrium. The ratio
of CO to CO2 is at a value somewhat higher than would be expected
at total equilibrium. At the relatively high temperatures exist-
ing in the recirculation zone the primary 002 producing reaction
CO + OH = CO2 + H is in partial equilibrium and the ratio
[CO]/[COZJ is governed by relative radical concentrations and
temperature through Equation (3-3).

It would be desirable to compare emission levels obtained in
the present investigation with those obtained in typical aircraft
combustors. Emission levels are frequently presented in terms of
an "emission index" (grams of pollutant per kilogram of fuel
burned) to normalize emissions on the basis of fuel flow. The

emission index was calculated for cases 1, 3, and 6 of the present
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investigation based on average UHC, CQ, and NOx concentrations at
the test section exit. In cases ] and 6 the flamefront did not
extend across the entire combustor. Therefore to make any compari-
sons more rea]istic, a local emission index was calculated based
on congentration measurements in that portion of the exiting gaseé
which had undergone combustion. The results are shown in Table
3-2 along with calculated combustion efficiencies.Combustion.
efficiency is related to the CO and UHC emission index va]ues.by

the following expression[35]:
- -3
1 - Ne = [0.232 (EICO) + EIUHC] x 10 (3-4)

where Ne = combustion efficiency, EIi = emission index of species i.

TABLE 3-2. POLLUTANT EMISSION LEVELS
EI E EI

UHC leo NO,
(g CH,/kg fuel) (g CO/kg fuel) (g NO,/kg fuel) "c
Case 1 1.4 76.7 0.11  (1.75) 0.97
Case 3 6.8 5.2 0.58  (3.22) 0.99
Case 6 1.2 85.1 0.07  (0.34) 0.98
*JT9D, cruise 0.1 - 0.3 0.2 - 0.8 16-23 1.0

*Qlympus 593,
cruise <] ‘ 1 -5 18-19 1.9

* Reference [9].

Also shown in the table are emission levels for two typical jet
aircraft engines operating at cruise conditions, the JT9D for
subsonic aircraft and the Olympus 593 turbdjet engine for super-

sonic aircraft. The NO, emission index values in parentheses



-64-
represent values corrected to typical inlet conditions at cruise

for the Olympus 593 engine (see Table 1-3). A correlation
equation developed by Niedzwiecki and Jones[77] for application
to swirl can and other lean combustors was used to correct the

experimental data of the present invesitgation:
Fho) (Y7, /)
(F10,), (P3%), (c'3r28),

where P3 and T3 refer to combustor inlet pressure and temperature,

respectively.

In case 1 (Tp = 300 K, ¢ = 0.625) the emission index for
oxides of nitrogen (presented as N02) of 0.11 was signifiéant]y
less than found in the jet engine combustors. However unacceptably
high levels of UHC and CO were obtained due to the low resulting
flame temperatures and insufficient residence time. Cases 3
(Tp = 600 K, ¢ = 0.625) and 6 (Tp = 600 K, ¢ = 0.45) resulted in
combustion efficiencies only slightly below those attained in both
jet engine combustors, with NO2 emission index values significant-
ly reduced. An emission index less than 1 kg N02/kg fuel was also
attained by Anderson[36] in a lean premixed propane air experiment-
al burner operating at conditions comparable to turbojet combustors
and by Roffe and Ferri[37] in a laboratory burner using premixed-
prevaporized JP-5 fuel.

As noted above, UHC and CO emission levels were slightly
higher than those found in aircraft engines operating at cruise
conditions. Anderson[36] has shown in a lean premixed system

that a tradeoff exists between combustion efficiency and NOX pro-
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duction which effectively puts a.1limit on minimum N0x emission
levels attainable in such a system. Under conditions encountered
in typical gas turbiné combus tors NOx-production is proportional
to combustor residence time. Limiting high temperature .residence
time is an effective means of .reducing NO emissions: However,.

as residence time is reduced insqfficient time becomes available

to completely oxidize unburnéd fug]'and C0. More favorable UHC
and CO emission 1eve1s'cou1d.be ébfa{ned in the present investi-
gation, with some increase in NOx,emissjons, by providing slightly
longer residence times in the exit portion of the combustor test
section. In the study by Anderson an emission index for oxides
of . nitrogen .as low as 0.3 g N02/kg fuel was measured at a com-
bustion efficiency greater than 99 percent. Thus fue]_]ean pre-
mixed combustion does appear to be an effective means of reducing
NO, emissions while at the same time maintaining high combustion
effieiencies.
3.4.1. NO,_Formation

The primary variables effecting NOx formation are temperature,
- equivalence ratio, and residence time, In this section the effect
of these variables on NO, formation will be discussed. In all
cases:NOx concentrations will be, presented uncorrected for_HZqund
CO2 interference .in the chemiluminescent detector since these
species were not measured in all cases presented.

‘Figure 3-19 shows radial NOX and temperature profiles at the
combustor-exit for main stream inlet temperatures of 300 K, 450 K,
and 600:-K.: The operating points represented.correspond to cases

1,:2,.:and-3 in Table 2-1 in which main stream velocity and equi-
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Figure 3-19. The effect of main stream inlet temperature
on oxides of nitrogen and temperature distributions
at the combustor exit. ¢p = 0.625; Vp = 7.74 m/s;
¢g = 0.625; Vg = 95.9 m/s.
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valence ratio are maintained constant at 7.74 m/s and 0.625

respective]y. The strong effect of flame temperature on NOx pro-
duction is apparent. An increase in inlet femperature by a factor
of two results in approximately a factor of five increase in
average NOx concentration at the exit from 2 ppm for an inlet
temperature of 300 K to 10.5 ppm for an inlet temperature of 600 K.
While this’large increase in NOx is predominantly the result of

an increase in flame temperature, residence time could also play

a role. For the 600 K inlet temperature case the concentration

and temperature profiles discussed in Section 3.3.1 reveal a larger
combustion zone with the flame front moving both upstream and out-
ward toward the Vycor wall. Thus combustion gases would have a
longer residence time in this high temperature combustion zone
before reaching the exit.

The effect of equivalence ratio is shown in Figure 3-20. In
all cases the main stream and jet stream equivalence ratios were
equal. An increase in equivalence ratio from 0.45 to 0.625 results
in over an order of magnitude increase in average NOx at the com-
bustor exit (from 0.9 ppm to 10.5 ppm). Once again this can be
explained in terms of the resulting change in flame temperature.
Cernansky;g;_gl[]1] and Lipfert[38] have shown that NOx emissions
from different gas turbine combustors can be correlated over a
range of operating conditions with the maximum flame temperature
(assumed to be equal to the adiabatic flame temperature for
stoichiometric combustion). Figure 3-21 shows a similar. plot of
average NOx concentration at the combustor exit as a function of

adiabatic flame temperature for the cases presented in Figures 3-19
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-and 3-20. The correlation is quite good. NOx formation{thys@_ﬁ
appears'tO'be exponentially dependent on flame temperaturé;as would
be eXpeﬁfed from the discussion of NOx kinetics presentedfin Chaptgr
4, and the effect of changes in inlet temperature and equfva]ence
ratio on NO# production is primarily through their effect~0n |
flame temperature.

Figure 3-22 shows the effect of increasing main stream in]et;
velocity on NOx formation. The trend is much as would be expected;
due to the linear dependence of NOx formation on residencé'time.
The average value of NO, at the combustor exit can be seen to
decrease from 10.5 PPM at an inlet velocity of 13.59 m/s to 9.5
PPM at a velocity of 7.74 m/s. Since changes in inlet vefoéity
were found to effect both residence time (through. increased mass
flow rate) and temperature distribution in the combus tor, quanti-
tatively it would be difficult to evaluate the effect of'reéidénce"
time on NOx formation from the present experimental results.

Oxides of nitrogen emission index values were calcu]ated for
all experimental cases based on average test section exit concen-

trations. These are summarized in Table 3-3.
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. TABLE :3-3. -OXIDE OF NITROGEN EMISSION INDEX VALUES -
S . Flyo,
Case (g NO,/kg fuel)
9 - 0.11
0.21
0.58
0.40
0.21
0.07

A G b wWwMN

The oxides of nitrogen emission index values obtained in this

[36,37 ] on the use of pre-

investigation énd.in similar studies
1mfked/pre9aporized systems to limit NOx emissions emphasize the
~-.%é5$ibility of achieving low NOX emission levels through advanced
combustor design.
| " An informative comparison can be made between the ORJ and an
idea1ﬁzed well stirred reactor. The well stirred reactor is a
constant volume steady flow reactor in which mixing is assumed to
occur instantaneously between cold incoming reactants and reacting
gases existing in the reactor. Thus the composition within the
reactor is homogeneous and the combustion process is kinetically
‘1imited. A well stirred reactor represents the limiting case of a
turbulent, premixed recirculating flow system.

~ Experimental NOx emission index values obtained in this inves-
‘tigation for cases 3 through 6 (Tp = 600 K) were c5mpared with the
: ;oncentrations predicted in an idealized well stirred reactor.
~The governing equations were solved using a computer program

developed by Pratt and Boﬁman.[39] Propane was assumed to be
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prepyrolized to H2 and CO, since predicted NOx productioh was found

to be insensitive to the propane oxidation mechanism used. A
detailed kinetic mechanism described in Section 4.5 was used for
the subsequent oxidation of CO and HZ’ and the Zeldovich mechanis@
(reactions (4-38) and (4-39)) was used to predict NO formation.
An inlet temperature and pressure of 600 K and 1 atm were aSSuﬁed:
for the calculations. Residence time in the reactor was assumed
to be equal to the estimated residence time in the recirculation
zone of the ORJ for the above experimental cases (2 msec). The
results are shown in Figure 3-23. Experimental emission index
values agree quite well with the well stirred reactor predictions,
and are significantly less than would be expected at equilibrium. .
These results show that N0x emission levels approaching the Tlimit-
ing values of a well stirred reactor are indeed possible in_bre- |
mixed combustors. Comparable studies[35] on the use of premixed/.
prevaporized systems to limit N0X emissions have yielded similar

conclusions.

3.4.2. NO and NO2 Formation

-Recent controversy has arisen surrounding the formation of
NO2 in combustion systems. Theoretical studies involving both
chemical equilibrium considerations and chemical kinetic calcula-
tions have generally predicted that N02’sh0u]d constitute a ‘
negligible fraction of the total oxides of nitrogén.emitted from
gas turbihé type combustors. [40, 41] However, recent gxperi-
mental emiséion studies in both gas turbine éxhaust[42] aﬁd model

[16, 43] iﬁvo]ving‘gas sampling have yielded

relatively 1arge'quantities of N02.
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Experimentally measured NOx and NO distribution for the ORJ

used in the present study are shown in Figures 3-24 through 3-36
for experimenta] cases 1, 3, and 6. Also shown are the correspond-
ing temperature distributions. NO2 is taken as the difference
between NO, and NO. It is apparent that in all cases Noé is the
predoﬁinant oxide of nitrogen found. In cases 1 and 3 NO2 consti-
tutes from 50 to 100 percent of the total NOX. In case 6 100
percent of the total N0x exists as NOZ'

Some general observations can be drawn from an examination of
these results. Measurable quantities of NO were only found to
exist in higher temperature regions. In case 1 NO was measured
only in the recirculation zone where the temperature was in a
range greater than 1400° K to 1500° K (uncorrected for radiation).
In case 3 relatively large quantities of NO were found in both
the recirculation zone and over much of the downstream region of
the combustor. Once again however measurable amounts of NO
existed only in those regions where the temperature was greater
than approximately 1400° K to 1500° K. The presence of NO in the
cool region near the jet wall is probably associated with down-
stream convection of NO from higher temperature regions. In case
6 the maximum measured temperature was 1450° K and no NO was
measured.

In summary large quantities of N02, in some instances con-
stituting up to 100 percent of the total NOx, were measured in the
present investigation. Only in higher temperature regions in which
the uncorrected temperature was greater than approximately 1400° K

to 1500° K was any NO measured. In a recent experimental investi-
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Figure 3-24. Experimental distributions of NOy, NO, and temperd-

ture for case 1. Tp = 300 K; ¢ = 0.625; Vp = 7.74 m/s.
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Figure 3-25. Experimental distributions of NOy, NO, and- .,
temperature for case 3. Tp = 600 K; ¢ = 0.625;
Vp =7.74 m/s.
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Figure 3-26. Experimental distributions of NOy and temperature
for case 6. Tp = 600 K; ¢ = 0.45; Vp = 7.74 m/s.
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gatfon by Merrymann and Levy[44]

on a flat flame premixed methane-
air_burner significant quantities of NO2 were found early in the

‘flame zone. The data were consistent with the following reaction

mechanism _
CN + 0, = NO + CO I € )
NH + 0, = NO + OH (3-5)
NO + HO, = NO, + OH (3-6)
NO+ O = NO + 0, (3-7)

In the above mechanism NO formed in the flame zone by reactions
(3-4) and (3-5) is rapidly converted to NO2 via reaction (3-6).
Subsequent conversion of NO2 to NO is assumed to occur in the early
poétf]ame region by reaction (3-7) due to a rapid increase in 0
atoﬁ concentration. Under fuel Tean conditions approximately 60
percent of the NO2 was reconverted to NO.

In the above mechanism NO2 exists primarily as a transient
species due to the presence of 0 atoms. It is probable, however,
than in turbulent systems such as encountered in this investiga-
 ti6ﬁ rapid mixing between hot and cold regions occurs.
Cernénsky[43] has shown Under fuel lean conditions that if fhé
resulting cooling of hot combustiqn gases is rapid enough radicals
such as H, 0, and OH which favor NO,, destruction fall to low levels
and significant conversion of NO to NO2 can occur via reaction
(3-6). Thus maximum [NOZ]/[NO] ratios would be expected in cooler
regions of the combustion zone and near the flame front where
rapid mixing between hot and cold gas mixtures occurs. This is

- precisely where maximum levels of NO2 were found in the present
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investigation. A typical radial temperature traverse taken using
the thermocoup]e prdbe described in Chapter 2 is shown in Figure
3-27. It is unlikely that the time respbnse'ef the.fhermecoup1e
probe is rapid enough to quantitatively follow the turbu]ent
fluctuations occurriné, but the data presented do ine a qualita-
tive idea of the temperature fluctuations occurring even in a pre-
mixed system such as the ORJ. As expected maximum fluctuations
occur in the outer regions of the combustor near the_f]amefront.
In the recirculation region near the combustor centerline the
temperature fluctuations are relatively small.

While it appears that the proposed mechanism involving
conversion of NO to NO2 by HO2 radicals is consistent with fhe
experimental results, unfortunately the same conditions which can
explain the formation of NO2 in combustion systems also exist in
typical sampling probes due to the rapid decrease in.gas tempera-
ture resulting from aerodynamic expansion and water cooling.
Further kinetic calculations by Cernansky[43] carried out for an
idealized sampling probe at a pressure of 80 torr indicate that
reactions involving NO2 are possible. A]]en[]gJ has pointed out

the possible importance of probe wall reactions such as

probe wall
NO + 0 > NO,
and
probe wall
H (or 0) + O2 > H02 (or 03)

followed by

NO + HOZ (or 03) > NO2 + OH (or 02)
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Thus, it appears the only conclusion which can be drawn at this
time regarding whether NO2 is formed in the combustion system

itself, in the sampling system, or perhaps in both is that much

more study is needed to resolve the question.



CHAPTER 4

ANALYTICAL INVESTIGATION

4.1. Introduction

An analytical model for predicing point by point properties
and concentration distributions in the combustor configuration
of the present investigation was developed. This model is based
on a numerical procedure developed by Gosman, gg_gl[44] for the
solution of the governing set of elliptic non-linear differential
equations which describe recirculating flows of this nature.

The governing differential equations and boundary conditions
reguirements are presented in Sections 4.2 and 4.3. Section 4.4
discusses the necessary physical inputs and simplifying assump-
tions. The kinetic model is developed in Section 4.5. The
computational procedures are discussed in Section 4.6.

4.2. Numerical Calculations

4.2.1. Governing Differential Equations

The governing partial differential equations for a turbulent
steady flow system in the absence of combustion are the conversa-
tion of mass and the conservation of momentum. The conservation
of energy and a conservation equation for each species must be con-

sidered when dealing with a nonisothermal chemically reacting system.

83
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These equations in their most general form are shown below in

[45]

tensor notation!
Conservation of Mass:

o= (V. ov) (4.1)

Conservation of Momentum:

S PV == (V- pW) - Vp - (V- T) (4.2)
Conservation of Energy:
> g = >
g Ph == (o pvh) - (V-8 - (- 3p) - (T W) (4.3)
Conservation of species:
a = . ~ - 'o+ - = *
=f N = - (Vv «p mi) (v -Ji) Ri 0 (4.4)

Here T s E, and 3} represent the flux of momentum, energy, and mass

respectively and are given by the well known relations

T=u(-%7 -v+ def V) ) (4.5a)
q = -k VT (4.5b)
>

Ji = - pDiVmi B (4.5¢)

Ri represents a source term for species i due to chemical reac?ion.
Note than in general the dependent variables ;; h, and m. are
instantaneous values and are functions of time as well as space since
turbulence is characterized by unsteady fluctuations in the;e duén-
tities. Theoretically, at least it would be possible to solve the
above system of equations for the instantaneous values: of the depen-
dent variables if adequate computer facilities were available.
‘Unfortunately the excessive computer faci]jties required made such

a solution economically unfeasible.
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A more common approach to the problem is the introduction of

time averaged quantities.[3]] For velocity this time average becomes
becomes ' vl 5+t° vdt
1ot

Here the integration is taken over a sufficient period of time, to,
to make the average value independent of time. The instantaneous
velocity can then be written as the sum of the average value and
a velocity fluctuation v'
V=V+ Vv (4-6)
A similar derivation can be made for the other fluctuating variable.
Substitution of these equations into the conservation equations
(4-1) through (4-4) yields the time smoothed conservati&% equations:
Conservation of Mass:
- (Vepv) =0 (4-7)
Conservation of Momentum:
-p-[V.pwl- (V-7 -[V- $(t')] -0 (4-8)
Conservation of Energy:
- - > t e *t
-[v-oh] - V9] -[ved]-[hved]-[hwedT]-
-(t: W) - (t : VV)t= 0 (4-9)
Conservation of Species: |
-> > Tt

-[vepm]-[vedJ-[v-: J1-R, =0 (4-10)

Note in the above equations the appearance of a series of tur-
bulent flux transport terms of the form

t -_—

D % (4-11a)
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. | _
T - T : _

i = ViV (4-11b)
J? = - VIml~ (4-11¢)

Much of the difficulty in dealing with turbulent flows lies in
adequately modeling these turbulent flux terms.

An early proposa],[45] in analogy with laminar transport laws
(see Equations 4-5 through 4-7), was to assume a similar depen-
dence of heat, momentum, and species fluxes on average temperature
velocity, and concentration gradients respectively, and replace
the corresponding transport coefficients by effective transport
coefficients. These new coefficients are no longer constants but
become functions of the intensity and scale of turbulence. Thus

the above turbulent flux equations can be written

TS uger (VI + def v) (4-12a)

= >= >
T = Hogf (2/3 + vI + def v) (4-12b)
Q= - Koee T : (4-12c)
Ty = oD e M (4-12d)

This is the approach adopted in the present investigation. Further
.discussion of these effective transport terms can be found in
Section 4.4.

For that part of the flow away from the wall the turbulent
diffusivities are much greater than the corresponding molecular
diffusivities, i.e.,

B << Vars

k << kogg

D << Dogs
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and therefore the molecular transport terms in the conservation
equations can be neglected. In a region very near the wall,
however, the turbulent and molecular diffusivities transport
mechanism become compafab1e. It can be shown for the conditions
of the present investigation that molecular transport is impor-
tant only in a region within 1 mm of the outer combustor wall.
Since this region is not likely to have a significant effect on
the overall combustion process, molecular transport was neglected
in the solution of the conservation equations.

This time averaged approach has been usefu1[44] in predicting
convective patterns in steady flow combustors. However, as more
experimental dataare obtained, the limitations of this approach
are becoming apparent. As stated by Pratt,[46] "The most serious
shortcoming of this approach is the inability to deal directly
with the effect of coupled species concentration and temperature
fluctuations, which are ultimately required for correct predic-
tion of combustion stability limits and formation of temperature-
sensitive_po]lutants such as NOx.“ Even in the present premixed
system temperature fluctuations of several hundred degrees were
apparent near the outer flame zone as was shown in Figure 3-27.
Concentration fluctuations are also almost certain to occur. By
dealing with time average properties the entire process by which
relatively cold large scale eddies containing unburned fuel-air
mixtures break down into smaller scale eddies where molecular
mixing between reactants and reactive combustion products occurs is being

substantially simplified. It is felt that only through comparisons
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with experimental data as is done in the present investigation
can those possible shortcomings in numerical techniques be
brought out and improvements made.

4.2.2. Finite Difference Formulation

For the purposes of numerical calculations the above system
of governing differential equations can be written in a common
form. This involves the introduction of two additional variables,
the vorticity and stream function.

The -vorticity, w, is defined as

Introduction of the vorticity allows the removal of pressure
from the conservation equations and reduces the number of momentum
equations to be solved from two to one.

For two dimensional axisymetric flow the stream function,

P, is defined as

-1 % |
V25 r or ¢ Vi T

1)
3z

-sl—-*

Introduction of the stream function automatically satisfies the
continuity equation and eliminates velocity from the conservation

equations. Thus for two dimensional axisymetric flow the above

set of conservation equations can be written as[44]
oY
2 57 (0 30 -5 (6 32~ 325 7z (¢4 ¢)
9 3 -
e b¢ —3—-(c¢ o) + d¢ =0 (4-13)

and d, are given in Table 4-1.

where the functions a¢, b¢, c¢, b
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TABLE 4-1.

a | b
L 6 € dq
¥ 0 1 1 -0
2 2
2 3 23 V27V .
w/r|r r More] T 57 ) %
2 2
_o (2l Ve 2
oar 2 9z
h |1 {rr ( 1 -1 av?/2
h’eff 3z ‘Meff’ ) 3z
. _ 3 _ 23
Tz (°i B °h) hy 2 ar [“effr
2 . 3m.
1, avP/2 I
(-5 25 r - )y h]

Here % and ci refer to the effective Prandtl and Schmidt numbers.

and T,

I'h,eﬁ’ i, gff

heat and mass transfer.

expressions.

are the effective exchange coefficients for

These are defined by the following
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_ Meff Sp _ Meff | _ Meff _ Voff
% " Tk g T > % T b CT
eff h, eff PUy, eff 'i, eff

The effective Prandtl and Schmidt numbers are treated further in
Section 4.3. Once the effective viscosity is estabilished, all
the transport properties are known.

Equation (4-13) represents a system of simultaneous non-linear
.differential equations for the dependent variables w/r, ¥, h, and
ms. An approach to the solution of this system of equations was
proposed by Gosman, g;_glﬁ44] in which attention is confined to
the solution of Equation (4-13) at a finite number of nodal grid
points. The above system of equations is then reduced to a set of
simultaneous algebraic finite difference equations in which the
values of the variables at a particular node are related to the
values of variables at adjacent nodes. Details on the derivation

of these finite difference equations can be found in reference [44].

4.3. Boundary Conditions

The above set of equations are elliptic in nature and there-
fore require that boundary conditions be specified for each
dependent variable at all points surrounding the flowfield. These
boundary conditions are generally of three types: 1) specification
of the dependent variable value along a particular boundary,

2) specification of the gradient of the variable normal to the
boundary, 3) specification of an algebraic relation which connects
the value of the variable at the boundary to the normal velocity
component at that boundary. The boundary conditions used in the

present investigation are consistent with the following descrip-
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tion of the ORJ test section being modeled. Details on the finite
difference form of the resulting boundary conditions can be found
in the computer program listing in Appendix E.

Inlet conditions were based on experimentally measured values.
The main stream inlet velocity profile is shown in Figure 4-1.
Main stream inlet composition and temperature profiles were found
to be uniform. For the experimental case being modeled (case 3)
these were taken as corresponding to an inlet equivalence ratio of
0.625 and an inlet temperature of 600° K. Velocity, temperature,
and composition profiles at the jet exit were also assumed to be
uniform. For case 3 the velocity at the jet exit was 95.9 m/sec
and the composition corresponded to an equivalence ratio of 0.625.
Since the jet injector was water cooled, a jet inlet temperature
of 300° K was assumed.

The outer Vycor wall is assumed to be adiabatic and impermeable
to mass fluxes. Thus gradients in mass fraction and enthalpy
normal to the wall are equal to zero. The same considerations
apply to the axis of symmetry at the centerline. An assumed
parabolic distribution in the dependent variable of interest was
used to calculate its value at the wall from the value at the two
nodes adjacent to the wall. Since the velocity normal to a wall
or the centerline is zero, the stream function takes on a constant
value along these boundaries.

At the exit plane the streamlines are assumed to be parallel
to the axis. This is valid if the walls at the exit are parallel
to the centerline and if the recirculation zone is reasonably

far upstream. Subject to the same constraint, gradients in mass
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fractions and enthalpy were also assumed to be zero at the exit
plane. Subsequent experimental results showed this assumption
to be valid.

Vorticity presents a problem since neither vorticity along a
wall nor the vorticity gradient normal to the wall are known
initially. An equation for vorticity at the wall was derived by
Samue]sen[47] based on the following assumptions:

1. The flow between the wall and the node adjacent to

the wall is parallel to the wall (vr = 0) and the
velocity varies according to the # power of the
distance between the two points. Thus for a

horizontal wall (constant r)

- sdt
where
s = a constant
n = normal distance from wall
n: = normal distance from wall to adjacent node

2. The density varies linearly between the wall and the
adjacent node. An expression for the wall vorticity
can then be derived through integration of the vorti-
city stream function relation using a finite difference
approximation.

Since the jet injector is water cooled, the outer wall ef

the jet is non-adiabatic and the temperature must be specified.

More detailed radial temperature profiles were taken in the region



-94-

of the jet wall, and extrapolation of these profiles indicated

a wall temperature of 700° K.

4.4. Thermodynamic Properties

The required inp&ts,;o the numerical program are densjty,
transport coefficients, and specific heat.

Density: The ideal gas_equapion of state is used to relate
density to the pressure and temperature. Thus

- P(Mwmix)

P _ _R—_‘—u-]-

where the molecular weight of the mixture is computed from the

species mass fractions using the relation

A
Miix = 5 . 7MW,

Specific Heat: The specific heat is used to compute the

temperature from the relation

T
h=/(Zc m) dl + £ AH. m, (4-15)
To Py i hy
where
h = stagnation entha]py of mixture
Cp_ = constant pressure specific heat of species i
1 : ’
AHF_i = heat of formation of species i
m, = mass fraction of species i
To = reference temperature

Since Cp_ is a nonlinear function of temperature, the determination
i
of T from Equation (4-15) would require a more extensive iteration

procedure. Thus it was found desirable in the numerical calculations
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to assume a constant value for specific heat. A value was chosen
which would give an adiabatic flame temperature for complete com-
bustion (products €0, and HZO) in agreement with that calculated
using JANAF thermochemical data.[48] Ca]culations yielded a value
for specific heat of 1.22 J/gm °K. Introduction of a constant
specific heat was esfimated to introduce a maximum error of
approximately 4.0% in flame tempéfature'calculations.

Effective Viscosity: A simplified viscosity model developed

by Pun and Spa]ding[49] and Odlozinski[so] was used in the present

calculations. This is given by

bee = koRLE 6 [m?)) + (m?) )T (4-16)
where
K = constant (0.012)
D = combustor diameter
L. = combustor length
p = density
mv2 = jncoming kinetic energy

Derivation of Equation (4-16) is based on the observations that:

1. Haff increases with local density
2. Hogr increases with the incoming kinetic energy rate

3. Uaff decreases with an increase in chamber length and
increases with chamber diameter.
It should be noted that currently more advanced turbulence

models are available or are being developet_il.:_‘r’]:I ~ Most of these
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involve the solution of additional equations for a turbulent kine-
tic energy h{and mixing length 1. As originally proposed by Prandtl

~ the effective viscosity can be calculated from an equation of

)

the type Hoff = p]vt
where Vi is related to the turbulence kinetic energy

Vi vke
Such a model would almost certainly result in a more realistic pre-
diction of turbulence properties. However, such models are still
in the developmental stage and involve some degree of empiricish.
Because of these considerations and the approximations necessary
in the kinetic model, it was concluded that the additional expense
and complexity did not warrant the use of a more advanced viscosity
model in this investigation.

Effective Prandt]l and Schmidt Numbers: The effective Prandt]

and Schmidt Numbers were defined previously as

H c H
- effp - _eff -
o 7 ' 9 = 5D, (4-17)
eff 3 i, eff

For gases in turbulent flows, the effective Prandtl and Schmidt num-
bers are near 0.7[52]. In the present investigation their values
were taken as equal to 1.0. Referring to Table 4-1 one can see

that this has the effect of considerably simplifying the source
terms in the energy conservation equation. Once Vot is known the
other transport coefficients can be determined from Equation (4-17).

4.5. Chemical Kinetics

4.5.1. Introduction
Uncertainties exist in both the mechanism and the rates for

the high temperature oxidation of higher hydrocarbons and the
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resulting intermediates The complex1ty 1nv01ved makes the
mode11ng of even a re]at1ve1y simple hydrocarbon such as methane
quite difficult. Recent work by Glassman, et al [26] in an
adiabatic flow reactor has identified the presence of a number

of intermediate hydrocarbon species during the oxidation of higher
paraffin hydrocarbons such as propane. These include C3H8’ C2H4’

CH4, and C2H Furthen_oxidatipn'of these_species would require

6
consideration of a large number of additional species and a com-
plicated set of largely unknown reaction steps.

The high temperature mechanism for CO oxidation is fairly
well known. The principal CO oxidation reaction in hydrocarbon

f]ames[53]-i5'

CO + OH i‘v=C02 + H : o (4-18)
Thus, to predict CO oxidation rates a knowledge of OH and H
concentrations is necessary. In the initial flame zone, radical
concentrations are determined by the bimolecular reactions[54]
H+0,%0H+0 (4-19)
0+ Hy, = OH + H | (4-20)
H2 + OH %=H20 + H . (4-21)
OH + OH ==|120 +0 o (4-22)

At some later point in the combustion zone the relatively slow

thermolecular recombination reactions

0+0+M=0,+M . (4-23)
H+H+M—rH2+M D (4-24)
HEO+M=OH+M 0 (a-28)

H+0H+M—7H20+M ' ' " (4-26)
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also become important in determining overall radical levels. Rate.
constants for the above reactions are presented in Table 8-1.

It can be seen from the above discussion that any detailed
mechanism deécribing propane oxidation will consist of a large
number of species and reaction steps. Since each species considered
involves the introduction of an additional species conservation
equation, the use of any detailed reaction mechanism in the numeri-
cal solution used in the present investigation leads to ...cessive
computer times and costs. Thus an overall or global reaction
kinetic concept was employed. This involves the assumption that
a detailed reaction mechanism involving a number of elementary
steps can be described in terms of a few main reactants and overall
reaction steps. Such an approximation entirely neglects any
reactions occurring between hydrocarbon intermediates or radicals.
As a result global modeling can, at most, be expected to describe
only spatial energy release rates and reactant/final product con-
centration distributions. As stated by Glassman, g;_gl[gsj "Under
what circumstances such an overall (global) correlation is usable
is largely dependent on both the kinetic mechanism to which it is
applied and the physical environment in which the process is
occurring. Where a particular rate-determining step or sequence
in the true chemical reaction mechanism occurs and the physical
circumstances of the application are similar to those in which
the expression was derived, the overall approximation is a valid
and vastly simplifying idea. However, extension of such a
correlation to experimental conditions outside the range studied

should never be done without some reservation."
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4.5.2. Propane Oxidation

Two global approximations for propane oxidation have been
used in the past. The first and simplest assumes an infinitely
fast oxidation of propane to H2 and (:0.[5"":| Such an approach
however offers no possibility of predicting unburned hydrocarbon
levels. The second, perhaps a somewhat better approach, is the
use of'a‘?inité rate global expression for the oxidation of the
hydrocafbbn based on overall experimental observations in a parti-
cular system. Edelman and Fortune[ss] derived such an expression
for the oxidation of a parrafin hydrocarbon based on shock tube
ignition delay times. For propane, they wrote the overall reac-
tion as

CHg + 3 0,
and gave the global rate as

3C0+4 H,

8
- 5.52 x 10 1/2 12,200 \moles
R = p'gzs (C3H8) (02) T exp (" —-———T——-)cm sec(4_27)

As mentioned above caution should be exercised whenever a glo-
bal reaction rate derived for one combustion configuration is used
for another. In two such different systems as a shock tube, where
Tow radical concentrations are present during the initial stages
of hydrocarbon oxidation, and a strongly backmixed system such as
a well stirred reactor where high radical concentrations are
present throughout the combustion process, it is probable that
both the important reaction paths and the rate will be different.

To determine the feasibility of using the above mechanism to
model propane oxidation in the present system, experimental pro-

pane disappearance rates based on average estimated residence
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t}més_and average measured species concéntratibhs §n'the Combustion
zone were compakéd with ratéﬁ prédicted from :Equation (4;éf).
From thé expefimenta] results of Chahter 4 and Appendix G it can
be séen that'C3H8 and 02 concentrations and temperature are
relatively uniform in the region upstream of the plane of the jet
exit once the initial flamefront has been traversed. This is due
to the intense turbulent mixing characteristic of the recircula-
tion region of the ORJ. Any rates derivad from experimental - -
measurements should thus be more representative of the chemistry
of the system as opposed to mixing phenomena. Such an analysis
likens the upstream region of the ORJ to a perfect]y'ﬁtirred~’
reactor. Average residence time 1 was computed from the relation

e I O

The volume V was taken as that region upstream of the jet exit in
which the concentrations had achieved 95% of their maximum or mini-
mum value. The density was calculated from the ideal gas law using
average properties in the combustion zone. The mass f]oW rété M“was
assumed equal to that portion of the fiow'which haéses fhfbdéﬁ fﬁe
flamefront upstream of the jet exit plane. It shouia be ﬁoféd.fhis
approximation neglects different residence times encountered by
gases entering the flamefront at different locations. Table 4-2
shows a comparison of predicted (Equation (4-27)) and experimental

propane disappearance rates.
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. TABLE 4-2. EXPERIMENTAL AND PREDICTED PROPANE DISAPPEARANCE RATES

Case  FRegug Exp, TIES Re g PRED, MOles
1 o 7.17 x 107 5.6 x 1072

2 6.3 x107° 9.9 x 107

3 zo08x10. . 3.8x1072

Predicted propane disappearance rates are apbroximaté]y two
orders of magnitude greater than those experimentally détermined}
Similar calculations were made based on concentration profiTes
for propane combustion in an adiabatic flow reactorEzs] The
findings were in agreement with those of Table 4-2, with predicted
disappearance rates approximately two orders of magnitude to fast.
This again emphasizes the difficulty encountered in applying a .
global reaction rate to predict the characteristics of a system
for which it was not derived.

At this point it was felt a more representative rate for
propane oxidation in the ORJ could be derived from the experimental

| measurements of the present investigation. The experimental pro-
pane disappearance rates of Table 4-2 together with average 02,_
temperature, and propane concentrations were correlated with a

Eate expression of the form

d [C,H,]
—38 - pexp (- ERT) [Cy TR [0,1°

The unknown coefficients were determined using a nonlinear regres-
“sion analysis program[56], and the final rate expression was
found to be

d [C4Hg]

- 0.5
5t = 4,97 exp (-9195/RT) [C3Hg] (4-29)
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~ Note that the rate was found to be independent of 02 concentration
due to the lean equivalence ratios being considered. A plot of the
correlated data is shown in Figure 4-2. An activation energy of
9195 cal/mole appears to be low when compared to those found by .
other investigafors for higher hydrocarbonsI57’58] This 1is :
attributable to?the limited cenditions over which the experimental
data were considered. :

4.5.3. Carbon Monoxide Oxidation‘

Several 1E§els of approximatien,have been used to model CO %
oxidation. Twoiof these are the Hz/b2 partial equilibrium and
total equifibrinm models. Each of these provides a means of
estimatinglradical concentrations in terms of more easily measuredg
species. . B -giéi :

At tenperafures of interest in most po§$;f1ame combusf%en'
zones the biomolecular reations (4-19) throuéh (4-22) can bé;con- i
sidered in a gtate of partial equilibrium. Un&er such condi;jons_f
it.can be shoWnEsg] that the concentrations of OH, H, and O are ;

related to the concentrations of the more stable species H2,1H20, :

and 02 as follows

5

< TOHT = (Kygkog) 21,1V 210,0V2 L ga-30).
L0 ¢ : :
[0] = K19K21 —_— (4-31)
[HZOJ 3/2 1/2
i, 20,0
[H] = Kpq (K oK) /22— (4-32)
[H,] -

where Ki is the equilibrium constant for the i th reaction. Sub-
stitution of Equations (4-30) through (4-32) into the rate expression

for CO oxidation from Equation (4-18) yields
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- -Figure 4-2. Arrhenius plot.of propane. disappearance _r_at_é.‘_
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dfcol [cOI[OH] - k18R[002][H]
dt 18F

. 1/2 /20 11/2
= kyge(KygK 20) [COIIH,177[0,]

1/2 3/2
~kqgrK21(KygKpg) " 7[CO,1IH, ]

[H,01"'[0,3"/2 (4-33)

' Heré'the equilibrium constants Kq.K50.Ky can be evaluated from
curve fits of JANAF thermochemical data.[GOJ
'--The'tota]'equilibrium model assumes reactions (4-19) through

(4-26) are in equilibrium. Then, from reactions (4-22) and (4-23)

[H,01[0]
—_ — =K
[OH]Z 22
[0,
— =K
[0]2 23

E11m1nat1on of [0] yields, after some rearrangement

[0H] = (Kypkps/2)720H,011 /210,717

Considering only the forward direction of reaction (4-18)

dleol . (g
dat = k18rK22K23

Severa] investigators have experimentally determined values

1/2) 1/2.

Kpa' /%) 21c010H,01" 210,1%  (4-34)
for the rate constant term k18F(K22 23 These are pre-
sented in Table 4-3.

thie both of the above models are approximations, the partial
equilibrium approach would appear to be more physically realistic
than the total equi]ibridm approach. The bimolecular H2/02
propagation reactions (4-19) tﬁrough (4-22) would be expected to

be in equilibrium much earlier in the flame zone and over a larger
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TABLE 4-3. OVERALL CO OXIDATION RATES.

-d [c0l/dt Temperature Equiv.

11§T91¢(ET%“?99) (°K) Ratio Fue]— Method ;Ref.

1.3 x 101007 (0,151,015 .
840-2360  OVERALL CORRELATION ¢4
exp(~15.10/T) OF SEVERAL STUDIES

5.6 x 101" [c0] [0,12%° [H,01°"°

1030-1230  0.04- ., Flow
exp(-21.64/T) 0.5 4 Reactor
13 0.5 0.5 S
1.8 x 10'° [co] [0,]1"-°[H,0] 1450-1750 0.5- Well-
2 2 0.8 M4 Stirred 63
exp(-12.58/T) Reactor

10 0.35 0.4
2.9 x 1077 [C01 L0177 TH0T™" 1400-1900  0.5- ¢ 4 yeti-
9.5 -

. Stirred 64
exp(-7.55/T) Reactor

range of conditions thén the relatively slow termolecular recombina-
tion reactions (4-23) through (4-26). Additionally, as equilibrium
is approached the reverse reaction CO2 + H > CO + OH should be
considered as is done in Equation (4-33). A problem was anticipated
however in applying the H2/O2 partial concept to the early flame
region where temperatures are relatively low (< 1100°K) and rddica]
buildup is still occurring.

The partial equilibrium approach was investigafed uéing fhe.'.
idealized well stirred reactor program of Pratt and Bowmén:38]
described in Section 3.4.1. Assuming propane is prepyrolized_to :
H, and CO, predicted radical concentrations based on a detéiie&}.__

reaction scheme for H, and CO oxidation (reactions
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(4-18) through (4-26)) were compared with those obtained using
the partial equilibrium approximations presented above. Under
the fuel lean conditions considered, in applying the partial

equilibrium approach the primary HZO producing reaction was found

to be

OH + H+M<HO+M (4-26)
C0 oxidation was assumed to occur via the rate limiting step

CO + OH < CO, + H (4-18)

Radical concentrations for the above reactions were computed from
the partial equilibrium relations (4-30) through (4-32).

The results are shown in Figure 4-3, where radical concentra-
tions are plotted as a function of residence time in the reactor.
At short residence times the partial equilibrium scheme signifi-
cantly overpredicts radical concentrations. Since the H2/02
partial equilibrium concept is valid only at higher temperatures,
such a result is not entirely unexpected.

Considering the above problems, it was decided to use a two

step global reaction mechanism in which propane reacts to form

CO and H20 followed by the oxidation of CO to 002
C3H8 -+ CO + H20 (4-36)
co ~» CO2 (4-37)

The experimentally determined rate for propane oxidation, Equation
(4-29) was used for reaction (4-36).

The choice of CO and H20 as the products in the one step
global reaction for C3H8 oxidation was based on the results of both

[26]

flat flame[]7] and adiabatic flow reactor studies of hydro-

carbon oxidation. Species concentration profiles in these studies
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HZO and CO were then computed from H and C atom conservation
e&uéfions. Because the equivalence ratiq_is,everywhere uniform,
}_tﬁg.ozlmass fraction at any point can be determined from the
1ﬁ1tia1 C3H8 mass fraction and.an 0 atom conservation equation.
4.5.4. NO Formation

_ Under fuel lean conditions NO formation is governed by the

[76]

0+N, N0+ N (4-38)

Zeldovich mechanism

N+022N0+o . - (4-39)

Invoking the steady state assumption for N atoms, it can be shown
that initially (i.e., for [NO] << [NOJEQ) the NO formation rate
[65]

is given by

4IN0) - 2 kyge [01 IN,] (4-40)

It remains to determine the O atom concentration.
Three approximations have generally been used. The most

straightforward approach is to assume 02/0 equilibrium. Then
= 1/2 :
[0] = ¥, [0,] (4-41)

In typica1 combustion systems, several recent studies [22, 66, 67]

have indicated 0 atom concentrations at least an order of magnitude
greater than that predicted by Equation (4-41).

) A second approach is provided by the HZ/OZ partial equilibrium
assdmption presented in Section 4.4.3. The 0 atom concentration
:can then be calculated from Equation (4-31).

[0] = KKy, [Hzg gggz  (8-31)
[ 2
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indicate a rapid increase in both CO and H20 occurring simulta- .

neously with the hydrocarbon disappearance. H2 appears only as‘an

intermediate species at relatively low concentrations. This indicates

a rapid oxidation of H2 to H20. The oxidation of CO to CO2 does
not appear to be significant until later in the flame zone.
Referring to Table 4-3 for overall CO oxidation rates, both
the rates from References [61] and [64] were used in the numerical
calculations. Global rate expressions would be expected to be
somewhat dependent on fuel type, system, and stoichiometry. There-
fore it was initially decided to use the rate derived by Hottel,:
et al [64] since the conditions for which this rate was derived. -
appear to most closely approximate those of the present investiga-
tion. The results of subsequent numerical calculations showed
poor agreement between experimental and predicted C02 and CO
profiles. This was primarily a result of the Tow activation energy
associated with this rate. Since the temperature ranges associated
with the rates from References [62] and [63] fall below those
encountered in the case being modeled (average temperatures in
combustion zone for case 3 were greater than 1700 K, uncorrected
for radiation), the over all correlation rate given by Referencé
[26] was used to obtain the final results presented in Chaptef 5;
The above two equation reaction scheme ((4-36) and (4—37))“ ;
considers 5 species; C3H8, 02, co, H20, COZ' The required number
of species conservation equations can be reduced however. The.mggs
fractions of C3H8 and CO2 were selected as dependent variables

(requiring 2 species conservation equations). Mass fractions of
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Sarofim and Pohi[671‘obtained agégement with experimentally
measured maximup NO productfon ;ates on a flat flame burner using
methane,within a factor .of 5 using Equation (4-31) to predict 0
atpm concentrations. This expression ﬁowever requirés knowledge
of-the H, concehtration. The kinetic model used in the present
investigation ob]y considers the product species NZ’ 02, co, C02.

Iverach, et a1[68] has suggested partial gqui]ibrium of the :
reaction |

CO + OH < €O, + H : (4-18)

in addition to ihe H2/02 partial equilibrium scheme. Then

Ecoj - EH]
€0, ~ “18T0H

Substitution of;the partial equilibrium expressions for [H] and [OH]

(Equations (4-30) and (4-32) into the above expression yields

|H20| K21 C02 .

_Substitution of Equations (4-31) and (4-42) into (4-40) gives the

following expression Hr NO formation

: [N,] [co] [0,] :
d [NO] _ , 21 [ 2
at - 2 ksaefighio™ Te0,] (4-43)

in_the_present investigation k38fwas taken from the rate data of
Baulch, et al [69].

14 exp(-37947/T) -

k38f=1.36 x 10
The equilibrium constants K18 and K]g were taken from a curve fit
of JANAF thermochemical data. Substitution of these values into
quation (4-43) yields the final rate expression fdr NO formation

dIN0] - 1.7 x 10"3 exp(-34088/T) [N,][COT[0]
o]
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4.6 - Computational Procedure

As was discussed in the previous iwolsecfiohs the numerical
- computations' consist of solving the finite difference form of a
set of STMU1t$he0u$'goveﬁnihg'bartia]'ﬂifferentia1'equét%oné'at the
nodal points of a grid network covering the fldeié]él“ In the
present: investigation this involves thé 301utibh of six equations
for six dependent variables: -

Stream function, v

Vorticity variable, w/r

CBHB mass fraction, mC3H8

CO2 mass-frgction,-mC02

NO mass fraction, mNO

Stagnation enthalpy, h

.The grid network used'isfshoWﬁ in Figure 4-4. This is the same grid
as u;ed ip:a previous, study of the ORJ by Samue]sen[47]. The . grid
is nonuniform in both radial and axial directions to .provide a
finer mesh in those.regions containing the steepest gradients.
.ﬁ{nfmum spaciﬁg ﬂh;the radial (J)‘difeétioh:ié 0.4064 mm (at the
combus tor: centerline) ‘and 5.08 mm -in ‘the axial' (I) direction as the
jet exit is approached |

Primary interest was in obfaihfng“a numerical solution corre-
‘sponding to the¢onditions of expeérimental case 3. ‘However'a solution
was ‘also -obtained for a cold flow case (no combiistion) in which CO
was introduced through the jet injector. ' In the latter case three
dependgq;;y&{jﬁbles;Were consiﬂérEd:'uthe éfﬁéém function, the

vorticity variable, and the CO mass fraction. Inlet conditions for
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the cold flow and hot flow case are shown in Table 4-4.

TABLE 4-4 COLD FLOW INLET CONDITIONS

- VARIABLE MAIN STREAM | ~JET STREAM
Velocity, m/s ) 7.74 95.9
Temperature, °K 295 295
"Air" Mass Fraction - = 1.0 -0.973
66 Mass Fraction 0.0 - 0.027

The CO distribution was measured experimentally in the ORJ operating

- under the conditions of Table 4-4 .in a cold flow mode using the

sampling probe and NDIR CO analyzer described in Chapter 2. It was

~ felt a comparison of the experimental and numerical results would

- provide a partial validation of the viscosity model and numerical

. technique. The vorticity and streamfunction distributions calculat-
-f_ed_in the cold flow case were then used as initial guesses for the

* case with éombusfion added. Inlet conditions for the case with

' combustion are shown in Table 4-5.

TABLE 4-5 HOT FLOW INLET CONDITIONS

A

VARIABLE MAIN STREAM ____ JET SIREAM
Velocity, m/s . 7.78 95.9
Temperature, °K 600 300
Equivalence ratio 0.625 0.625

In numerical calculations of the present type, the solution

is considered to ‘have converged when the fractional change in the

value of each dependent variable from one iteration (N-1) to the
next (N) is less than a certain prescribed value. This value was
taken as 0.005[44]. .Thus the:cohvergence~criteria can be written

as
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o o1l
__N__‘__ﬁi < 0.005
oy

It has ‘been pointed ou1:[44:I that divergence can occur if varia-
tion in any of the terms of the finite difference equations is large.
No problems were encountered with the cold flow solution. Conver-
gence problems did occur however when combustion was added. This
was remedied by under-relaxing several of the variables. The
expression used for under-relaxation is given by

o= oyt ooy (o - oy )
where Pn-1 is the value of the variable which was computed on the
(N-1) the iteration, oy is the value which would be computed in
the normal way on the Nth iteration, R is the under-relaxation
parameter, and ¢ is the value which is actually used for the Nth

jteration. Values of AR used in the calculations were as follows

VARIABLE %R
y 1.0
w/r 0.75

m

C3H8 0.2
m

CO2 0.2
h 1.0

From the standpoint of computer time, it was found advantageous
to divide the hot flow solution into two parts. Since the flowfield
properties are almost entirely determined by the hydrocarbon system,
a solution was first obtained while neglecting NO formation. NO
kinetics were then superimposed on the hydrocarbon system as a

separate problem.
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The cold flow solution with CO injection took 160 iterations
to converge (30 seconds central processing time on a CDC 7600).
Using the cold flow solution for w/r and ¥ as an initial guess
the solution for the hydrocarbon system with combustion took 1100
iterations (5 minutes computing time). Superimposing the NO system
kinetics on the hydrocarbon solution required an additional 70

iterations to obtain a final solution.
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' f 'ANALrTiCAi'kEéULts'ANp'plstuéSioN“‘”‘"MW“N“'“ o

In this chapter the resu]ts of the ana1yt1ca1 mode11ng are
presented Two cases were stud1ed._ The results for cold f]ow CO
1n3ect1on are presented in Sect1on 5.1 and results for the case - .
with combustion included (corresponding to experimental case 3) i
can be found in Section 5.2. The results are discussee.and a |
comparison witn the experimental findings is made.

5.1. Cold Flow CO Injection

Pred1cted stream function and CO mole fraction distributions
for the case of co]d flow CO injection through the jet are shown
in Figures 5-1a and 5-1b. = Also shown in Figure 5-1c is the experi-
mentally'determined CO distribution. Although some discrepancies .
exist, agreement between the experimental and predicted CO distri-
butions is quite good. The primary discrepancies are near the ~
outer Vycor wall where the predicted axial rate of increase in CO
is too rapid, and along the combustor centerline where the predicted
CO level decreases too rapidly as one moves upstream from the jet -
exit.

The inlet conditions'corresponding to this case are inlet
Ve]ocities of 7.94 m/s and 95.9m/s in the main stream and jet
streams respect1ve1y, and an inlet temperature of 295°K. To deter-
mine the effect of exper1menta1 uncertainty on- the results inlet

velocities and compositions were varied by + 5%. It was found that

116



-117-

a) Predicted stream function distribution (x 103)

-25

-50

-1.3

-8.0

b) Predicted CO mole fraction

5000 JET TUBE

c) Experimental CO mole fraction

JET TUBE

Figure 5-1. Flowfield property distributions for co]d flow CO

injection.
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such a variation could not account for the observed discrepancy.
Thus it would appear that the observed disagkeement betweeh'expéri-
mental and predicted CO distributidns is due to the simp]icfty of
the turbulence model being used‘to describe what is a very cbmplex
turbu]ent flow system. The effect of a variation in effective
viscosity is shown in Figures 5-2 and 5-3. Figure 5-2 shows a
comparison between measured and predicted CO centerline profifes.
Figure 5-3 compares measured and predicted radial CO profiles at

an axial distance of 88.9 mm f?g$ £he combu;fbf-exit. Predicted
profiles are presented for two values of effective viscosity; an
effective viscosity as calculated from Equation (4-16) (qsed to
determine the predicted distributions in Figure 5-1), and a second
value representing a 25% reducfion in Haff- While agreement with
experimental results for the létter value of Voff is somewhat improved,
remaining differences between experimental and predicted profiles.
represent a 1imit on the accuracy of the proposed viscosity'model.

5.2. Solution with Combustion

5.2.1. Hydrocarbdn System

Predicted and experimental flowfield distributions are present-
ed in Figures 5-4 through 5-11, Inlet conditions correspond:to those
of experimental case 3. The two step C3H8 and C0.oxidation scheme -

represented by Equations (4-36) and (4-37) was used in conjunction

10611 ,
— *  The pre-

with the global CO oxidation rate of Howard, et
dicted stream function distribution is shown in Figure 5.4. For
the cold flow case the stagnation point was located approximately
100 mm upstream of the jet exit (Figure 5—1): With combustion

the stagnation point has moved to appnok{matély-146 mm upstream
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Predicted stream function distribution (x 103) for flow with combustion.

Figure 5-4.



-121-

of the jet exit. Since the jet_ve]ocities.are the same in both
cases, this is a resuit of the expansion of the hot-c0mbustion
gases.

Predicted'and experimental C3H8 mole fraction diétributions
are shown in Figure 5-5. Qué]itative]y agreement is fair. Near
the centerline experiménté] C3H8 mole fractions begin to decrease
15 mm farther upstream than predicted values. In the lower
temperature regions near the outer Vycor wall the predicted C3H8
mole fractions begin decreasing farther upstream than the experimental.
This is a similar behavior to that found in the previous section
for CO distributions in the cold flow case, and can partially be

accounted for by the simplified viscosity model employed.

Perhaps a more direct cause of the predicted behavior in the
Tower temperature outer regions would be the use of the experimen-
tally derived rate for C3.H8 oxidation

9—[2—%%1 = 4.97 exp (-9195/RT) [C4Hg1"> (4-29)
This rate was based on average concentration and temperature
measurements taken over a limited range of conditions in the high
temperature recirculation zone. For example, the temperature range
used in the derivation extended only from 14SO° K to 1750° K.
Extrapolation of this rate expression to lower temperature regions
of the combustor cou]dvnot be expected to yield accurate predictions
throughout the combustion zone. The trends shown in Figure 5-5

indicate a predicted rate whichis too fast at lower temperatures.

This is directly attributable to the Tow aétivat{on energy associat-
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a) Experimental C3H8 mole fraction
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Figure 5-5. Experimental and predicted C3H8 mole fraction
distributions.
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ed with Equation (4-29). Predicted C3H8 concentrations are also
seen to decrease to much lower values downstream of the initial
flamefront. Again this is é result of using the above propane
oxidation rate over a range of conditions for which it was not
derived.

Predicted and experimental HZO distfibutions are shown in
Figures 5-6. Again the apparent disagreement between the
predicted and experimental results can be explained in terms of the
above discussion of the experimentally derived propane oxidations
rate. Due to the assumption of a one step oxidation of C3H8 to
H,0 via reaction (4-36)

C3H8 + CO + H20

the H20 appearance rate is directly related to the C3H8 disappearance
rate. Thus the early predicted C3H8 disappearance is accompanied
by an early increase in H20, especially in the lower temperature
regions of the.combustor.

The effect of the additional kinetic approximation introduced
by assuming a one step oxidation of CO to CO2 can be seen through
a comparison of predicted and experimental CO distributions in
Figure 5-7. As expected, in the upstream region of the
flamefront the predicted initial buildup occurs farther upstream
than is found experimentally. This is more clearly shown in
Figure 5-8 where a comparison between predicted and experimental
axial CO profiles at a radial distance of 13.2 mm from the combustor
centerline is presented. The initial rise in CO occu;s approximate-
ly 35 mm upstream of that found experimentally a]fhough the peak

in CO concentration occurs at the same location This peak



. -124-

a) Experimental H20 mole fraction

.095

JET TUBE

b) Predicted H20 mole fraction

JET TUBE

Figure 5-6. Experimental and predicted H20 mole fraction
distributions.
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a) Experimental CO mole fraction
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b) Predicted CO mole fraction

JET TUBE -~

Figure 5-7. Experimental and predicted CO mole fraction
distributions. :
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corresponds to a ca]cuiated temperature of 1200° K and represents
the point at which the oxidation of CO to CO2 becomes faster than
the production of CO from C3H8 ox1dat1on

.' Subsequently, as-one moves downstream toward the combustor
exft, the predicted levels of CO decrease to values considerably
below those found experimentally. ‘Tﬁis can also be seen in
Fijure 5-7 to be true across the entire combustor once
the initial f]aﬁefrqnt has been traversed. As has been pointed
out by Howard; g},glﬁs]], the CO rate expression used to obtain
‘the results of the cresent section cen be expected to give rates
up to ah order of magnitude fast when applied late in the postflame
region wﬁere tﬁe back reaction CO2 + H -> OH + CO becomes important.
Sucﬁ apﬁears to be the case here.

Thecthebreticél well stirred reactor discussed in Section 4.4.3
was used-to compare species concentration profiles using a detailed
mechanism for CO oxidation and the global one step reaction given
by Howard, et a].[6]] 1H1ét conajtygﬁs were taken to be the same
as those of experimentaf case 3 (TIN = 600°K, ¢ = 0.625), and an
inffnite probane oxidation rate was assumed. The results are shown
ih‘?igure 5-9 where [CO]/[COQ]"and T are plotted as a function of
reéctor residence time. For increasing residence time the ratio of
COlfo C02 decreases much more rapidly when Howard's global rate is
used than when‘using a detailed mechanism For the range of resi-
dence times expected in the ORJ combustor (1- 5 m sec) operating
under the present conditions, CO 1evels pred1cted using the global
approximation are up to a factor of 3 Tower than those pred1cted

using the detailed mechanism. Calculations also show that the back
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reaction COZ +H CO + OH becomes important for residence times
greater than 1 msec. While this comparison between the well
stirred reactor and an ORJ is only an approximation, it should
be noted that overall concentrations of the species and tempera-
tures are in(agreement for the two‘systemQ and genéral.obseévations
made in one system should hold in the other.

If the above explanation of the low predicted €O Tevels were
indeed ‘true then one would expect predicted CO2 formation rates
to be greater than those found experimentally. Examination of
Figure15-10 show this to be the case, with the maximum
CO2 mole fraction of 0.074 being attained much sooner and over a
larger portion of the combustor in-the predicted distribution. In
the following section the smaller predicted ratio of [CO]/[002] in
the high temperature'Fegions of the combustor will have a signifi-
cant effect on predicted NO Tevels:

Predicted and experimeh%a1 temperaturg distributions are shown
in Figure.5-11. The experimental temperatures |
are uncorrected for thermocouple radiative losses and thus could

be expected to be somewhat lower than predicted values. As dis-

cussed in Section 2.2.2 typical thermocouple corrections are on the

order of 200 K, fndicating,agkeement in the maximum levels attained.

Since the-témpefaturé is computed from the local enthalpy and species

concentrations, the difference in predicted and experimental dis-
tributions is a direct result of the differences in concentration
distributions discussed previously.

5.2.2. NO System

Once the flowfield was established for the hydrocarbon system,
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a) Experimental co, mole fraction

JET TuBE

b) Predicted CO2 mole fraction

JET TUBE

Figure 5-10. Experimental and predicted CO2 mole fraction
distributions.
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a) Experimental temperature (°K)
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b) Predicted temperature (°K)
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Figure 5-11. Experimental and predicted temperature
distributions.
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the resulting temperature and species concentration distributions
were used in conjunction with the simplified nitric oxide formation
rate (Equation 4-42) to obtain the corresponding:NO distribution.’
The predicted and experimental resuits-are shown in Figure 5-12.
~Note that experimental results are presented as total oxides of
'n1trogen (NO ) whereas predicted values are for NO. These concen-
trat1ons.shou1d be comparab]e~s1nce al proposed schemes for the
areductibn ofNO2 in high temperature flames involve conversion of
‘the 1n1t1a11y formed NO
a It is 1mmed1ate1y apparent that pred1cted NO Tevels are
significantly lower (up to 50% at the combustor exit). There are
several explanations for this discrepancy, mostly related to simpli-
fications used in the kinetic scheme.

. Pratt and Malte L70] have proposed that ﬁzo may play an‘impor-
“tant role as an intermediate in NO production in low temperature

fuel Tean systems. The-proposed mechanism is as follows

2+0+|\q+|\x20+|~4 (5-1)
N0 + 0 % NO + NO ' (5-2)
N0 ¥ 0%l +0, (&9
N,0 + HZ N, + OH (5-4)

To determine the possibie importance of this mechanism in NO
production under the conditions of the present investigation theore-
tical well stirred reactor calculations were carried out for an
equivalence ratio of 0.625 and an inlet temperature of 600 K .

In one case only the Zeldovich mechanism was used (Equations (4-38)
and (4-39)) and in the other the above N20 mechanism was added.

The results are shown in Figure 5-13. Approximately a 30% increase
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~a) Experimental NO, distribution (ppm)

s 8
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/r—\y | oer TuBE_

b) Predicted NO distribution (ppm)

JET TUBE

_ Figure 5-12. Predicted and experimental NO, distributions. '
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in NOloccurs with the addition of the NZO mechanism. Thus it

eppeeré possible that neglecting the N20 contribution to NO pro-

duction in the numerical calculations could partially account for

the Tow levels of predicted NO. | |
The Nd.fofmation rate used in the numerical calculations is

given by

' [N,]1 [co] [o,1]
d[NO] ., k g 2 2
~dt 38F 18197 1CO,]

(8-42)’
The concentrations of N2 and 02 are relatively constant across the
high temperature region of the combustor. Therefore the predicted
NO formation rate becomes primarily a function of [CO]/[COZ] and T.
Typical radial variations in the experimental and predicted values
of these variables are shown in Figure 5-14. Considering that the
experimental temperature profiles are uncorrected fer radiative
thermocouple Tosses the agreement in temperature profiles appears
to be quite good. Note however, especially in the high temperature ;
region where maximum NOX is formed, the predicted [CO]/[COz] ratio
is anywhere from a factor of 2 to an order of magnitude less than
the experimental value. Thus the inability of the one step CO
oxidatiqn scheme to correctly predict [CO]/[COZ] ratios in high
temperature regions seems to be the primary cause for the inability é
of the model to predict NOX concentrations.

This conclusion is verified by the theoretical well stifred'
reactor results for NO presented in Figure,S-]S.--Correspondieg
valees for [C0]/[C0,] and temperature were shown in Figure 5-9.

Note that when the CO/CO2 partial equilibrium scheme [Equation

4-43) is used for NO formation together with a detailed mechanism
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for CO oxidation, good agreement is obtained with NO concentrations

predicted using the Zelodovich mechanism. However when Howard's
global rate for CO oxidation is used the partial equi]ibriﬁm model
underpredicts NO concentrations by an amount comparable with that
found in the numerical calculations of Figure 5-12.

5.3 Summary

A comparison between experimentally measured and predicted
properties in a turbulent recirculating flow with and without com-
bustion has been presented. In the case of cold flow with CO
injection through the jet the resulting distributions indicated a
strong dependence of the results on the turbulence model. A com-
parison of the results obtained here with a more sophisticated tur-
bulence model would be informative in bringing out the shortcomings
of the present model.

In the case of flow with combustion shortcomings in both the
turbulence and kinetic models were found. Due to the interaction
between fluid mechanics and chemistry however it is not possible
to isolate the relative effects. Agreement between experimental
and predicted species distributions for the hydrocarbon system was
fair. The major discrepancy was found in low temperature regions
at the initial flamefront and near the outer Vycor wall where the
experimentally derived rate for propane oxidation was being applied
outside of the temperature range for which it was derived. In high
temperature regions a more complete oxidation of CO to CO2 was
predicted than found experimentally. This was due to the importance
of the back reaction CO2 + H > CO + OH which was neglected in the

simplified CO oxidation scheme.
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Predicted NO levels were up to 50% lower than experimental.
It was proposed that this was the result of the low ratio of
[CO]/[COz] in the high temperature regions in which NO is formed.
The NO formation rate used in the calculations is proportional to
this ratio. Neglecting NZO as an intermediate in NO formation was
also shown to have a possible effect. Finally, pfedicted NO levels
are subject to the limitations inherent in the use of a time |
averaged approach. Such an approach neglects turbulent fluctuations
in temperature and concentration which are likely to effect local
chemical kinetic rates. This is especially true in the case of -a
strongly temperature sensitive pollutant such as NOx. Investiga-
tions are needed into the effect of turbulent fluctuations on

kinetic rates.



CHAPTER 6
-uCONCLUSION_

An investigatibn of pollutant fdrmation'under fuel Tean condi-

‘s tions in an opposed reacting jet model combustor was undertaken.
The intense mixing achieved in the ORJ allows stabilized combustion

* to°be maintained at overall equivalence ratios as Tow as®0.45.

‘ Defailéd'concén%ration‘and temperature measurements over a range
of equivalence ratios from 0.625 to 0.45 and at inlet temperautres
from 300°K to 600°K have been presented.

Fuel lean premixed combustion is concluded to be an effective
means of achieving low pollutant emission levels. NOx Tevels in
the ORJ were found to approach those of a theoretical well stirred
reactor model. This represents a significant reduction over N0x
levels measured in conventional gas turbine combustors. Unburned
hydrocarbon and CO levels were somewhat high due to the Timited
residence times available in the experimental configuration used.
Efficiencies approaching 100% should be possible, with a relatively
small increase in NOX emissions, through the use of longer residence
times.

Significant levels of NO2 were measured. Under conditions
promoting lower flame temperatures NO2 constituted up to 100% of
the total NOX. At higher temperatures this percentage decreased
to a minimum of 50%. These experimental observations are consis-

tent with a mechanism involving conversion of NO to NO2 by the HOO

140
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radical. Rapid mixing of hot ahd cold regions of the combustor
appears necessary to quench'NO2 destruction'reactions involving
0, H and OH radicals.

An analytical model for prédicting point by poinﬁ pfoperpies
of the opposed reacting jet flowfield was developed. Agreement
with experimental results was fair. Discrepancies were found to
be the result of the simplified kinetic and fluid mechanic approxi-

mations.
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APPENDIX A K

.Experimental Facility /

A.1l. Introduction

A brief descr1pt1on of the combustor and combustor test sec-
tion was g1ven in Chapter 3 In this append1x details of the
experimental facility and related support equipment are presented.
A schematic of the experimenta]efacility is shown in figure'A-1;
The fuel and air supply systems,_metering of the fuel and ait, and
deSjgn of the facility are discussed below.

A.2. Main Fuel and Air

Main air is supplied from the house compressed air system
which is maintained at a nominal pressure of 1.48 x 106 N/m?. A
50.8 mm line is used to supply the experimental system. The'pressure
is reduced to 4.46 x 105 N/m2 prior to metering. The main air is
metered with a standard 15.24 mm diameter ASME or1f1ce (w1th flange
pressure tops) designed in accordance w1th ASME codes (ASME 1961;
Cunningham[7]]). The pressure ratio across the orifice'was read
in inches of water on a manometer. Upstream stat1c pressure is
measured with a Boudon gage and the temperature of the f1ow is
measured using a thermocouple. The orifice calibration was checked
against a pesitive displacement meter. |

The main air flow is controlled by means of a 12.7 mm needle
metering valve. The 50.8 mm line is reduced to a 12.7 mm line
to accomodate the valve. After the control valve air preheat is
provided by a General Electric air circulation heater utilizing six
6-KW stages,.one of which has a Chromalex (Model CIPD73-6C) solid
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state proportional temperature controller. Air preheated to a’
maximum of 812°K at the heater exit can be maintainedg vDue_to
unavoidable heat 1osses in the 11nes, this correspondsi?d'é?maxf-
mum test section inlet temper@tureipf 650°K at the fidw;fatesiof
interest iﬁ.the breseht iﬁ\'lestigationT | _—

The propane fuel used is Matheson Co. cémmercia] g:ade éﬁppli;d
from pressurized tahks. Minimum-purity"of the p;opane 1's-_‘99_.0~ |
mole percent, with a typical analysis as follows: 99.4%‘propqne,'-
0.05% ethane, 0.50% isobutane, and 0.05% propy]ené. .

The main fuel is metered in a Fisher-Pofter Stab]e-Vis:
Rotometer (tube B3A-25, float BSX-33-55) which was ca]ibrated with
a wet test meter. Pressure and temperature of the fue] is measured
at the rotometer to enable calculation of tﬁe fuel mass flow féte; 
A fast response solenoid shut off valve located in the fue]i]fne
provides rapid shut off of the fuel. |

The main stream fuel and air are mixed upstream_of the_cdmbus-
tor test section in a venturi section designed by Samue]sen[47].

The fuel is injected radially into the airstream at a 22.86 mm
diameter throat through four nozzles evenly spaced about the
circumference. The fuel and air mixture then passes down a one

meter long, 57.15 mm diameter straightening section before enter-

ing the Vycor test section (described in Section 2.4). The pressure
and temperature of the main stream are measured just prior to the

test section inlet through taps in the straightening section walls. The
fuel and air mixture is ignited by a spark plug (Champion H-14Y)

located diametrically opposite to the pressure and temperature taps

at the end of the straightening section.
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A.3. Jet Fuel and Air

Propane for the jet ihjéctor is tapped'off tﬁe main propane
line just downstream of the solenoid va]ve;; The jet fbe13is
meteréd in a Matheson ba]l rotometer (tube 602)f ;which was
'céiibrated with a wet test_meter. .Jet air iS-tapﬁedloff the main
air line upstream of the orifice métér, and:subSéﬁuently metered
in a Fisher-Porter Stab]e-Vj§.rotoﬁetér (tube B3A;253 float
BSX-33-55). Both rotometers were individually caTibrated prior to
use wfth a wet test meter, |

The jet fuel and air are mixed in a 6.35 mm Swedgelok tee
section approximately 1.2 m upstream of thgijet injector. Tempera-
ture and pressure'bf the jet Streah are measured fust downs tream
of the mixihg tee. Because:the jet air was'tapped off the main
air line upstream of the air heater, no preheat was provided to the

jet injected reactants.”



APPENDIX B

Probe Calculations

B;1 Introduction

B In'fhe use.of-coﬁbusfion gas sampling probes a major pro-
blem is to obtain a fepresentative samplie of combustion gases.
As was discussed in Chapter 2 quenching of chemical reactions
in the sampling probe can best be accomplished through a rapid
deérease,in both gas temperature and pressure. The partially
water cooled probe used in the present investigation utilizes
expansion of the sample gas to a low pressure through a critical
flow orifice located at the probe tip to gquench reactions in the
initial uncooled portion of the probe, followed by a water
cooled section in which an additional degree of quenching is
obtained through a decrease in the gas temperature.

In this appendix a simplified theoretical analysis is
described in which an attempt was made to determine whether
the partially cooled probe used in this investigation did in-
deed provide adequate quenching of chemical reactions in the
sample gases.

B.2 Probe Analysis

The dimenéions of the probe used in the analysis are
shown in Figure B-Ta. Pressure and temperature were measured at
the probe exit while sampling from the opposed jet reactor operat-
ing under the conditions of case 3 (¢ = 0.625, TINLET = 600° K).
The sample gas temperature was found to be approximately 530° K

at this point. The relatively high back pressure of 35 torr
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(a result of the long sample line) compared to what would be obtained
during isentropic expansion indicated that a shock must be pre-
sent in the probe. Calculations were made using the experimen-
tally measured pressure, and the required position of the shock
was found to be 9.4 mm downstream of the probe inlet. The
resulting pressure profile along the probe is shown in Figure
B-1b. The pressure drop due to friction downstream of the shock
was found to be on the order of 10'4 torr/cm length and there-
fore was neglected. Isentropic flow was assumed in that portion
of the nozzle before the shock. Downstream of the shock heat
transfercalculations were used to compute the temperature
profile. In the uncooled portion of the probe a wall tempera-
ture of 1860° K was assumed. As discussed below this corresponds
to the flame temperature for the sample case studied. It should
be noted that this temperature is quite close to the softening
temperature of quartz which is 1900° K and thus represents an
upper 1imit on the probe wall temperature. The resulting sample
gas temperature profile is shown in Figure B-1lc.

It was necessary to make several simplifying assumptions for
the numerical calculations. A constant pressure of 35 torr and a
constant temperature of 1860° K were assumed in the region pre-
ceeding the shock. Neglecting the pressure and temperature drop
during the expansion preceeding the shock should represent a
worst case with regard to reactions occurring in the probe. One
dimensional flow was also assumed, thus radial concentration and
velocity gradients in the probe were neglected. Possible effects

of this assumption will be discussed in the next section.
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To determine probe inlet conditions, sampling was assumed to
occur from an idealized well stirred reactor operating at inlet
conditions equivalent to those of case 3 (¢ = -.625, TINLET = 600°K,
p = 1.013 x 10° N/m?). It was felt this would provide more
representative radical concentrations than if equilibrium condi-
tions were aséumed. An operating point for the well stirred
reactor (m/V) was chosen which gave.a flame temperature and NOX
concentration approximately equal to those encountered experimentally
in the ORJ. The sampling conditions are summarized in Table B-1.
These concentrations were take as the probe inlet conditions. The

corresponding flame temperature is 1860°K.

TABLE B-1. Probe Inlet Species Concentrations

Species Mole Fraction
0, 8.4 x 1072
co 8.5 x 1073
co, 7.3 x 1072
H,0 9.3 x 1072
H, 2.3 x 1073
OH 6.2 x 1073
H 1.7 x 1073
0 3.9 x 1073
N, 8.2 x 107
N 1.8 x 107°
NO 1.05 x 107°

B.3. Reaction Scheme

The reaction scheme used for the calculations is shown in

Table B-2. Due to the uncertainties discussed in Chapter 3 with



regard to probe reactions between NO and NO2

-
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attent1on was con-

fined to the format1on of total oxides of n1trogen via the Ze1d0v1ch

mechan1sm

involving 1nterconvefsion of NO and NO2 is presented by Cernansky

Because of uncertainties associated with a reaction mechanism for

[391

Reference

72
72

72
72
72

73
73
70
72
72
72
69
69
69
69
69

TABLE B-2. Reaction Scheme
Reaction Forward Rate Constant

1. OH + H2 = H + H20 1013'342exp(_2,59/r)

2. H+0,%0H + 0 101%3%04p (_g.44/T)

3. 0+ H20 %= O0H + OH 1013'833exp(-9,24/T)
4, 0 ; H2== OH + H 10]0'255T'exp(_4,48/r)

5. HtH+M=H, +n 107806
6. 0+0+M=0,+M 10]8']39T_]exp(0_]7/T)

7. 0+H M=oH+m 1028
8. H+OH+M=HO+M 108 7expg 25/7)

9. H +HO, = OH + OH 10"%-3%8exp(-0.95/T)
10. H + 02 + M= HO, + M 10]5 ]76exp(o,5o/T)
1. H, + 0, = H + HO, 10'3-7%0xp(_29.08/T)
12. €O + OH = CO, + H 10" 7%8axp( 0. 54/T)
13. 00+ 0+ M=co, + M 10'*exp(-1.26/T)
14. €0, + 0 =C0 +0, 10"3-27%xp(-27.24/T)
15. N+ NO =N, + 0 1013-204
16. N+ 0,0+ NO 10°-8067 texp(-3.15-T)
-*Units - k: (cm3m01e'])n'1sec'] where n is reaction order;

propane under these conditions no attempt was made to include

An exce]]ent discussion of poss1b1e probe react1ons

[43]
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propane in the calculations. Wall reactions were also heg]ected.
. The kinetic calculations were carried out using the

Generalized Kinetic Analysis Program developed by Niékerson and

Frey[74].

B.4. Results

The results are shown in Figure B-2. It can be seen fhat
quenching is adequate for all major species of interest. As |
expected obtaining representative concentrétions of the radica}
species 0, OH and H is not feasible with the present probe due to
inadequate quenching.

It was mentioned in the previous section that one dimensional
flow was assumed in the probe. The primary effect of a parabolic
velocity distribution is a longer residence time for that part
of the flow nearest the wall. In an effort to determine the
effect of this assumption on the results, the above calculations
were repeated with the residence time in the uncooled section of
the probe being increased by a factor of 2. No change was found

in the results.
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APPENDIX C

Chemiluminescent Detector Interference

C.1. Introduction

NOx concentrations were measured in the combustor using a
chem{lﬁﬁiﬁescent'nitric oxide detectof,- It has been pointed out
by §evera1 investigatof§ fﬂaf‘ugde; cértain conditions the pre-
senée of H,0 and CO, can have a significant effect on the measured
1evg]s of NO. Both of these gases occur in the present system in

sufficient quantities to warrant consideration.

C.2.. Third Body Efficiency Effect

"The reactions of importance in the chemiluminescent detector

[20]

are
NO + 04 > NO,* + O, (c-1)
N0 + 05 > NO, + 0, (c-2)
NO* > NO, + hv (c-3)
NO,* + M > NO, + M. (c-4)

Interference by H20 and CO2 is due to the different third body
efficiencies of these molecules associated with the N02* quenching
reaction C-4. CO2 has been found by Clough and Thrush[23] to have
an efficiency of 2.2 in this reaction. Although no quenching

efficiencies could be found for H20, a quenching efficiency of
1.[24]

approximdte]y-3-times that of CO2 was estimated by Allen, et
These values compare with a quenching efficiency of 1.0 for 02 and

N,.

"It can be shown that the intensity of chémi]umihescencé from

the above system of reactions is given by the expression

- Ky K][NO][03]

K, [] (c-5)
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For gases with differing third body efficiencies, [M] can be re-

placed by

M1 = gT T4y " (c-6)
where X and n; are the mole fraction and quenching efficiency,
respectively of the i th species. Thus for a system containing
gases of different third body efficiencies the fractional reduc-
tion in intensity due to the presence of these gases can be

calculated from
I =]
-%L———- =1 - TR (c-7)

In=1 is the measured intensity from a system in which all third
body efficiencies are 1.0.

C.3. Interference Correction Factors

While Equation C-7 é]]ows one to calculate the effect of HZO
and CO2 on measured concentrations of NOX, a more straight forward
approach was used in which the chemiluminescent detector was
calibrated with gas mixtures containing known quantities of N2’ NO,
H20, and C02. The concentration of NO was maintained constant
while N2 was replaced by H20 and CO2 in concentrations typical of
those found in the present investigation. Pressure in the detec-
tor reaction chamber was 2.7 torr in all cases. The fractional
decrease in measured NO concentrations as a function of HZO and

€0, mole fraction is shown in Figure B-1.

2
[24]

These results are similar to those of Allen, et al , who
found a 1.5% reduction in detector signal per 10% CO2 addition at
an organized oxygen to sample flow rate ratio of 6, up to a 7%

reduction per 10% CO2 for a ratio of 0.5. Figure C-1 shows
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TABLE D-1 MASS SPECTROMETER, CO, AND TEMPERATURE DATA
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2otk - - Q.
2450 Ge
- 04 ‘000
s ‘.00
=0 -G
o0 G.
25 g.
«63 8.
1.25 Ce
1.31 0.
1.76 _'00
1.8¢ Q.
2019 «06
2450 «G6
2.88 Oe
-J. ~0e -
-, 00 -.00
=00 ~«C0
-.UB -.00
17 ”G.
«54 B
1.06 Qe
1.25 Ge
1073 fo.
i.81 0.
2458 g.
2.681 oLl
2.83 b
2.25 25
-« D0 =200
-.00 -.Gﬂ
-.00 -+00
«13 Ge
o7 De
1.00 Oe
1.3 o0l
1.91 -0
2410 « 04
252 0.
2.75 +06
2.88 15
2.36 .10
~. 00 -.00
~eUD -+00
-0 “Ce
-0 -0
o4l Oe
1.13 Ue
lolens Ue



TABLE D-1 (Continued)

Z(I)
11403
11403

11403

11443
11463

114.,3

127.5%
127.0
12744
127.06
12740
1270
127.0
127.0
127 .6
127.40
i27.0
127.0
127. v
133.3
1333
133.3
133.3
133. 3
133.3
133.3
133.3
133.3
133.3
1333
133.3
133.3
13967
139.7
139,7
139.7
139.7
139.7
139.7
139.7
139.7
139.7
139.7
13967
139.7
i46. 0
14640
146.0
146.06

R(J)
11.%6
10.92

8§.38

5084
3,94
1.40
26.840
24426
21.172
19.18
16+ 64
14.10
13,46
11.56
1092
8,38
Se84

394

1.40
26480
24e26
21.72
16.18
16.€4
i4.10
13.406
1156
1362

Be38

Se84

394

1.40
2680
24e26
21.72
19.18
lé.tl
14,10
13.406
i1.56
10.9¢
8.348

S84

3.94
. 1.40
26. 80
2%e26
2l.72
19.18

NOX
2+10
2.38
275
2.88
3.00
269
‘.00
‘000
0.
0.
«13
«59
1.23
2.08
231
el
3. 00
3.04
3.13
'000
'000

—.05

-165-

NO
-0
Oe

25

20

ZUI)

146.0
14640
166.0
146. 0
146.0
146.0
14600
14640
146e0
152+ 4
152.4
152+ 4
152. 4
i52. 4
152 4
1524 4
152+ 4
i52e &
152. 4
w52+ &4
1524
152.4

R{J)

16.€E4 -

14.10
1346
11.56
10.92
8.38
5.84
394

1ol

26480
dhelb
21.72
19.18
16.€4
14ell
13.48
11.56
18.92
8438
584
3.%4
1.40

-s0¢
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TABLE D-1 (Continued)

DATA FOR CASE 2 TEMP= 450,80 EQIV= .6250 VEL=z 7.240
NO

Z(I) RJ) AOX NO Z(I) R(J) NCX
s 26080 1.31 0. 76.2 1410  3.25 e19
Ge 24e26 1.81 Oe 76.2 1156 4.31 Je
0. 21.72 2.55 0. 7662 9.02 5.00 «13
(¢ 19,18 3.31 Oe . Toe2 6eLa8 5:50 22
e 16.€4 4.08 «13 76ec Je9k 6.00 «13
O 1“010 4.69 «13 76.2 1.“0 -+ 030 -+00
e 11.%6 5.75 +81 88.9 <Z06eEU -.00 -+00
Ue 9402 6e by 1.C6 88.9 Chelb X L] -.00
O 6.48 6.56 1.4k 83.9 21.72 «63 0.
de 3.9 6.31 3.25 8869 19.18 1.25 Go
G- 1.“0 -.00 ‘.00 88,9 16.6“ 2«31 Do
25.4 26480 -.C0 -e00 8849 14410 3.31 15
5.4 2426  1e25 O 38,9 11456 4453 +G3
25.4 21.72 2.008 0. 88.9 3.62 488 «06
25,4 19.18 3.00 «13 88.9 Ealad 5.81 e25
25.4 16.€4 3.56 «13 889 3484 Sel4 «66
5.4 14410 4e25 13 88.9 1e40 Lhe38 o6
25. 4 11.56 5.38 «19 1G6i.6 26480 x'r -0
25 4 9.02 619 o0 101.6 24.26 -230 =00
29.4 Co48 6ely «80 1610 2le?2 « 506 De
25.“ 3.9“ 5.9’ 2.55 10106 19016 1019‘ 0.
5.4 1.40 -e 00 -«00 10le0 1beE4 2e25 Qe
5G6.8 264 81 -eolUJ ~oL 0 101i.0 14.10 Jeleis "« (6
SJe8 24eZ26 eB81 0. igleb 11.°%6 4. 565 o056
50.8 21.72 1.b44 e 131.06 9.0¢ 525 13
5.8 19.18 2.38 0B illi.b e l8 5.38 «19
S50.8 1d.t4 3.13 «19 lii.¢6 J.%4 4.88 «03
50,8 14,10 4e06 «19 101.6 1.40 4,00 Q.
50.8 11.%6 %230 «13 114e3 Che8 ~elu ~-.C0
5008 9002 5.“0 '31 11“-3 2“.26 -.DC ‘QBO
50,8 betd 5.81 +50 11403 21472 o lbtle Oe
5008  349% 0ol 2.0 11403 19.18  1.60 D
5&.8 1.“0 -.00 '.00 11“.3 1606“ 2.03 U.
63.5 26080 ‘-00 ’OEO 11“03 1“«10 3.50 De
635 24426 -«08 -«00 11463 11.56 4e50 0.
635 21.72 1.13 0o 11463 9,02 5613 el5
63.5 19.18 1494 «06 1143 EolaB 5.70 25
635 16.E4 250 13 11403 3.54 519 +06
03.5 14,10 3.56 «19 11443 1.48 LeB81 «06
6305 11056 “081 056 12700 26.&0 ‘000 ‘ODB
6305 90&2 5020 015 12705 Z“-Zﬁ ‘-00 °.CD
63.5 Held Be25 «50 12760 21.12 25 g,
B3.5 3.94 5.81 «80 i27.0 13.18 63 0.
635 ie4l ~«03 -«C0 12T e 16.EL 1.535 de
7ob.c 2beél -e0u -+C0 127406 l4.10 3.13 118
7oes2 2“.26 -« 04J ’000 127.0 11.56 4.53 010
762 2ie72 «93 Oe 1270 9.0 538 022
7oe2 19.18 1.75 Q. i27.0 Ba48 S.81 027

702 16.64 238 Qe 127« U Se G4 5.38 «19



TABLE D-1 (Continued)

Z(I)
127,50
139.7
139.7
139,7
139.7
139.7
139.7
139.7
139.7
139,.,7
139.7
139.7
14644
1460
146.0
14640
14640
146.0
146.0
140640
146.0
146.0
140640
152. 4
152+ 4
152 4
152. 4
152. &
152+ &
152. 4
1524
152. 4
1%92. 4
1524 &

R{J)
1e40
26480
244206
21.72
19.18
10.€4
14.10
1156
9.02
€ok8
Je 9%
140
26080
2Lel26
21.72
19.18
loe.€4
14010
11.%6
9.02
6.48
J.CH
1.40
26480
Chelb
2l.72
13.18
i€etl
144,10
11.t6
9.062
€a.48
3.k
140

NOX
5.00
‘.00
-000
-2 0C
«15
+56
1.75
3.56
Lo.81
550
5.28
bolel
-+01
“e 00
-+ 34
‘-00
«19
«51
“e 00
2481
3.75
4e22
3.75
-« G0
-200
-« 00
-.UG
0.
«19
«28
52
1.06
1.63
2.00

NO

-.GG
-+.00
‘000
0.
Q.
-.00
03
«03
oC3
«25
-.00
~-+00
°000
‘000
O
8.
G
0.

06
«38
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TABLE D-1-(Continued)

DATA FOR CASE 3 TEMP= 600.0 EGIV= +6250 VEL=25.4C0

(1) R(J) NOX - NO' 24I) RUJ) NGX NO-
De 26480 6.00 225 762 14610 7637 2e82
Ce 24e26 600 13 76.2 12419 9,13 4e38
Oe 21.72 7.00 1.60 76ec C,€5 10413 4,63
G 19.18 7.65 1413 762 7.11 10.0u Celd
i 164 €4 8.30 1463 7642 4eo?7 10430 .88
Ge 14410 9,034 Z¢38 7662 3.0 10,00 6613
Ue 12.19 10.75 3.80 88.9 26e 8L -o0u -+G0
Goe 9.65 11.25 4«88 88e9 24sZ6 1.83 25
Qe 7«11 12.25 6.25 889 21472 2.31 1.28
Je 4457 12.50 Cel88 88.9 19.18 3.21 e 51
de 3e 3l 11.75 738 889 16.E4 Lo8B7 le0l

254 26480 475 +38 83,9 14410 Bewl 231
25.4 24.20 4.80 +80 88¢9 1Ce19 7.75 113
25e4 2ie72 5063 1.13 86.9 Je €5 3,75 4.0 0
25.4 19.18 7.50 1.63 88.9 7e11 10.25 450
Z5¢4 10.€4 8.38 g+G0 88e9 keS7 10.13 “.88
254 14el0 9.25 2.63 8.9 330 9,88 we00
25.4 12.19 11.44 475 1016 26480 -~e Gl -.(0
25.4 9.€5 11.75 54510 iUle B chell « 548 «l2
25 & 7.11 11.38 5.88 131.6 2t.72 1oil o 45
254 4 4e57 12.38 6e63 1016 19418 2.69 1.68
25.“ 3030 -.OD ‘000 101.6 16.6“ “-10 051
5008 26.80 ‘0. =0 11.6 1“.10 5.51 051
SGeB 24elb 3.006 O 101¢6 12419 7.25 «50

50.8 21.72 he63 1.38 101 6 g, €5 9.13 2.88
508 19418 5.75 1.88 161.6 7.11 9.5¢C 4420
50.8 16464 6,63 Z2.50 10146 4«57 9.63  3.50
5Ue8 14e10 B425  3.38 161eb 3430 9.38  2.75

50e8 1219 10.348 450 114.3 2€.€E0 o0& -.00
5G.8 G.ES 11.25 6.00 1143 2helb -,00 -eUD
50.8 7031 11.38 ©.63 114.3 21.72 «30 «13
5G.8 4457 11.38 625 114.3 19.18 2e18 51
5006_ 3030 °000 ‘IOO 11“-3 16.64 3033 577
63.5 <26.80 -+ 00 -+00 114e3 14eid 513 «39
635 Z24ue26 2ol 1.03 11443 L2419 6.63 13
63,5 21.72 3.08 13 11443 3,65 8.38 2.00

63.5 19.18 5.50 1.92 3l4e3  7eil  9.00 3425
6305 16'6“ 6.92 2'56 11“.3 Q.S? 3.50 3.13
63.5 14.10 7.43 3.08 11443 330 -.00 -.00
63¢5 12419 10413 438 1270 26480 -e 00 -+00
63.5 9.,€5 10.88 5.25 1270 <c4hecb -, 00 -+00

63.5 7«11 10.63 5.75 1270 R21.72 =0, -0
63.5 4.57 10.88 6.13 1270 19.i8 1.43 «26
63.5 330 -. 00 -«00 127.G 1€.t4 J.11 «78
7642 26.&0 -000 '000 127.0 1“.10 -0 -0
7662 24oec6 2.31 1.54 127 .0 1219 Se54 Je
T6e2 21672 269 77 127.8 9.65 8.00 «88

762 19418 4423 1.15 127.0 7.11 9,38 3.25
762 16.E4 6e54 2ot 12706 4¢57 10413 4e25



I

TABLE D-1 (Continued)

Z(1)

1270

139.7

139.7

139.7

139.7

139.7
139.7
139.7
139.7
139.7
139.7
139.7
14640
146.0
146.0
14640
146.0
14640
14640
14640
14640
14640
146.0
152+ 4
152 4
1524 4
152 4
152. 4
1524 4
1524
152. 4
152. 4
152+ 4
152 &

R{J)
3430

26480
24426 -
21.72

19.18
16.64
14.10
12.19
9,€5
711
4457
3.30
26. 80
244,20
21.72
19.18
16.E4L
1410
12.19
S.65

7.11

4e57

3.30
26480
2426
21.72
19.18
16.E4
14.10
12019

€5

7.11

be57
3+ 30

NOX
-.DB

A‘lﬂﬁ

'qﬂn
-.00

-169-

NG
-+.00
°o°0
-.Gﬂ
-+00

fo.

‘Uo..

0. .

a.

+63
3.00'
'000
-.00
-00
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TABLE D-1 (Continued)

DATA FOR CASE 4 TEMP= 600.0 EQIV= .6250 VEL=13.590

Z(I) R(J) NOX NO Z{(I) R NOX NO
Qe 24426 Jelels «65 76.2 3.94 9.13 2450
O 2172 4475 25 88¢9 24426 -+00 -+00
Ge 19018 - 00 -« 00 88.9 21.?2 25 Qe
Ue 16+ €L -.00 -.00 88.9 19.18 «88 «05
0. 16400 7.75 «13 88.9 16.€4 2431 «38
Ue 13446 8.81 «90 88.9 16,00 -+ 00 -«00
Ge 10.92 10.12 1.60 88.9 13.46 3.88 D.
Oe 8+.38 10.75 2e13 88.9 10.62 5.63 de
Do 5,84 11.35 2475 88.9 Be38 7.50 «13
e 3.4 10.25 450 88.9 5.84 8,88 2e13

254 24.26 1.75 «13 88.9 3e94 8.25 Z+00
25.: 4 21472 2¢63 254 1016 24e26 -+00 -+00
Q%4 19.18 5.38 13 101.6 21,72 -. 00 ~-«00
5.4 16.E4 6+338 1,60 101.6 19.18 «63 Y

25¢ 4 16.00 -2 00 -+00 101.6 16.€4 1.75 13
2504 13.“6 8.50 035 101.6 16.00 '000 ‘000

5.4 10.92 9.25 1.63 101.6 13.46 3.50 0.
25.4 8.38 9.63 2425 1dl.6 10.92 5.38 0.
25. 4 5.84 11.08 3.13 101.6 Be38 6,88 0.
2544 334 10,40 4,25 101.6 5.84 8,38 1.50

50.8 24.26 o75 «06 101.6 3.94 8.38 1.00
SCe.8 21le72 1.44 «08 11443 24426 -.00 -e00
Su.8 19.18 2494 o780 1143 21l.72 -4 04U -00
508 10.E4 4.81 «25 1143 13,18 «31 0.
50:8 16-00 'ODG 'QOO 11“03 1606“ 1.12 0.
50.8 13.46 6.75 e 11463 16.00 -«08 -+00
56.8 10.92 7.75 =25 114.3 13.46 2675 0.

50,8 8,38 9,13 2613 114e3 10492 5.00 1S
508 5e84 10.13 3.25 114.3 8. 38 651 Qe

S5G.8 3.54 9.63 Re75 114.3 5.84 7.38 «75
63,5 <2Uecb 31 0. 114.3 3,94 8.13 1.50
63.5 2ile72 «65 «Ub6 127.40 2helb -.00 -.00
63¢5 19.18 1.58 «19 127. 0 21472 -+ 00 -+00
3.5 16.64 3.25 «69 12706 19.18 -.00 °.00
63.5 1€.00 =-+00 -G 127.0 16.E4 -« 00 -.00
635 1346 5.88 O. 7.0 16.00 -+04 -+00
63.5 10.92 7.50 0. 127.0 13.46 75 Oe

63.5 8.38 8.20 125 127.06 10.92 1.89 Oe
6345 508“ 8.75 1.63 127-0 8.38 Q.BO 0.
63e5 3.9‘0 9,13 1.50 127.0 Sedls 5.50 Oe

76.2 Chelb -.00 -Gl 127.0 3 .94 638 0.

76.2 21.72 «50 «03 _133.3 2helb -« 08 -.00
762 19.18 1.25 «13 133.3 S1.72 -.00 -.08
76.2 1l6.€64 219 «38 133.3 139.18 -.00 -.00
26-2 16.00 - 00 -eC0 133.3 16.E4 ~.08 -+00
76.2 13.46 4.38 g. 133.3 16.00 -+ 00 ~.00
76ec 10.92 675 d. 133.3 13.46 ~o 00 -.00
7662 8.38 775 «50 133. 3 10.92 «38 0

76.2 Se84 8.50 1.63 133.3 8+38 «88 0.
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TABLE D-1 (Continued)

Z(I) R(J) NOX NO
133,3 S.84 1.75 Ue
133.3 3eSh 2.63 Ge
139.7 2426 -eul --[10
139.7 di.72 ~e 0D -+ G0
139.7 19.16 =-+00 ~«00
139,7 1be.64 -s0u -eC0
i39.7  1€.00 -1 -+L3
id9.7 13.46 -0 ~eL0
13907 1092 -+ 00 -.G0
13‘307 838 -+04d -a0C0
139.7 S5ely «21 Je
13907 3.4 425 Qs
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TABLE D-1 (Continued)
DATA FOk CASE 5 TEMP= 600,00 EGCIV= 5500 VEL= 7.240

Z(I) R(J) . NO X NO Z(I) RWJ) NOX NO
-0e 26680 238 10 762 24426 63 «06
U 24426 2¢.63 22 76e2 21412 1.15 «20
0. 21.72 3.00 22 76.2 19.18 1.75 i?
0o 19,18 3.63 «15 76.2 16464 235 ob?
Ue 16.€4 3.88 «13 762 14410 3.00 «19
Go 1410 -.00 =00 76e2 13.46 ~«00 -.00 -
Ge 13.46 4e63 Je 76,2 10.%2 3.9 Q.

D 10.92 4494 +06 76ec 8,38 4e25 «13
de 838 5.00 .20 7662 5484 4456 ol
Go S.84  5.50 okl 7642 3.94 4.81 e63
Ue 3eSa 513 1.75 76e 140 2+88 [1 8

1 1.40 -«00D -200 88.9 26e &0 . -+ 08 -.00
25«4 26480 1.88 10 88,9 24.206 ol o0l
25¢4 244206 2420 «30 88.9 21.72 81 011
25.4 21472 2.63 okl 88.9 19.18 1ol 225
25.4 19,18 2.88 «25 88.9 164E4L 2.006 oldy
2544 16.€4 J.31 «13 88,9 14610 2+063 25
25%.4 14,10 4.06 30 B8e9 13446 2.88 De
25.4 13.46 -.00 -.00 88.9 10492 3.50 0.
25 & 15062 -.00 -.00 8869 8.38 4413 «31
5.4 8.38 be94 o6 48,9 584 kelH5 «56
25 4 5684 Las94 «19 88.9 3.4 4o10 225
2544 394 5.00 1.56 88.9 1.40 2497 14
25 44 1.40 -+ 00 -.00 ltled 26.8U -o0d -.00
SUQB 26.80 1025 225 101.6 2“.26 ‘nﬁa ‘000
508 24426 1.56 ol 10l1.6 21.72 «63 o0k
S50.8 21.72 200 «68 1016 19.18 1.13 «07
50.6 19..8 2438 +50 1016 16464 2415 e 31
50.8 16.t4 3.19 o10 101.6 14410 2.78 +31
50.8 14010 Jolris +15 ille6 13465 eI 138
S5Cebd 13.46 3.69 Oe 101.6 10.62 3.50 1 .
5068 15,92 430 0. iui. 6 8438 375 06
50.8 838 4,63 «G6 lule b 5. 84 4.38 31
5i.8 5.84 4.88 «20 1il1.6 394 b.00 <10
S0e8  3e49%  4e75 1413  1Uie6 140 3413 0.
S0.8 1.40 -2 060 ~.00 11443 <CE.80 ~e00 -«00
653.5 2€.80 -+ 00 ~«00 1l4e3 CUhelB - bu -e G0
63e5 24426 1.13 «19 il4e3 21672 «e50 oG
635 21472 1.63 olele 1lbke3 19,138 e 94 «06
03¢5 19.18 2613 «506 ilhe3 16.EL 1.69 «19
©63.5 16.€E4 269 31 il4ed 14010 20 bl «30
b3 5 14,30 -2 00 -~ G0 11443 13«46 2edu Qe
3.5 13e.46 3.19 (G 114.3 13.92 3.31 0.
6305 10.92 3'81 0. 11“.3 8638 4.006 «19
635 Bs436 403 «25 il4e3 5.84 Leltly .63
3.5 .84 be81 «38 11443 3.94 L4419 ekl
63.5 3.94 450 «81 1i4e3 1440 3.63 e19
63.5 1.40 =« 00 =« 00 i27ei 26483  -o00 -.00°

76.2 26.80 '-Gg ‘.00 127.L 2“026 --OU ;000.



TABLE D-1 (Continued)

Z(I)
iél.Cl
i27.0
12746
12744
22710
1276
12746
12740
ie7e i
i27e0U
13397
139.7
13947
139.7
139.7
139.7
139.7
13947
139.7
139.7
139.7
139.7
1460
140w
14640
146e U
140.0
146.0
13040
146U
146. ¢
146.0
1464 C
14040
152 4
1524
152. 4
152 4
1524
152e 4
1524
152 4
152. 4
b2l
152 e
152. 4

R(J)
2172
19.18
16¢ €L
14e14
13.46
1052
8.38
5«84
3.S4
140
c6e80
2Uecb
21.72
19.18
164
L4.1C
1346
1092
8.38
5«84
el
1440
6480
clhelb
21«72
19.18
loebl
14410
13.46
10492
8.38
5.84
3.24
140
26460
24el0
2172
19.18
16« €4
1410
13.486
10.¢2
8.38
SeBl
3«94
1.40

NGCX
'-35

+69
1.34
2.38
2419
3.38
4e906
k.00
3.94

+55
-« 08

«63
1.06
1.69
2438
2.56

- NO

G2
«10

« 30

Ue
de
15
»50
«50
240
=200
-.00
8.

«05

«20
d.
Oa

«19
bty
«50
‘000
-«00

'.00

«10

-e00

-+00
0.

Je
0.
«31
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TABLE D-1 (Continued)
DATA FOKR CASE 6 TEMP= 6080.0 EQIV= 0450 VEL=25.400

Z(I) RwJ) NO X NO Z(I) R NCX NO
Je 26080 «31 de 63.5 3.30 -.00 -«00
S 2hbe26 o ltl 0. 635 2e03 -s00 " =400
Ve 2l.72 56 Ue 83.5 1.40 -.00 -+00
e 19.18 +638 O 7642 26480 -+00 -+00
e 16.64% «81 Qe 762 24426 «19 0.
6o 164,10 1,00 0. 7642 21472 «25 O,
6o 12.%56 1.13 0. 7642 19418 S S 8
be 10.92 =.00 -.00 762 16.E4 «56 0.
G. 8.38 1.27 Os 762 14410 «69 O.
O. 5.84 1.25 Oe 762 11.5%6 ' -G
Oe 3.30 1.15 C. 762 10.92 «88 0.
e 2.63 ~-.00 =00 76,2 8.38 «98 0.
e 1.4 =00 =000 7602 5.84 1.00 Q.

254 26.80 «19 O. 76e2 3630 1.04% 'S
254 2hechH 31 o. 7642 2.03 -.03 -«00
25e4 21472 b4 Qe 76e2 140 -9 00 -.00
254 19.18 «63 0. 88+9 26480 =.00 =-.00
254 16.64 « 80 Je 88.9 2hedb 13 (1 I
25¢4 1ha10 «88 0. 88¢9 21.72 .19 Ge
2.4 11.%6 -0. =0 889 19.18 .38 0.
25"' 10'92 94 0. 38.9 16.€4 «23 0.
2He s 8.38 1.06 0. 8869 1410 «69 0.
25.4 Seb4 1.13 g. 88.9 11.°%6 «81 0.
25¢ 14 3430 -40Q0 -«C0 8849 13.%2 «80 0.
254 2e03 -.00 -s00 88.9 8.38 «90 1118
254 1.4 -eliy -oC0 88.9 584 1.05 0.
5Ge 8 264 60 -+04d ~-«00 88.9 3.20 1.00 «06
SUe8 Z24sc0 «28 Ge 88.9 203 « 94 25
50e8 <Z1.72 «35 O. 88.9 140 e 88 «15
5.8 19.,18 ¢S50 Ce 101.0 26689 -o00 -«0G0
50e86 16.t4 « 85 G 101.6 24426 -,00 -e00
50e8 1410 -0. -0. 16leb 21072 «19 0.
5.8 11.56 ' -0. 10i.06 19.18 e 31 0.
S50.8 10.92 «81 0. 1016 16.€4 47 0.
S0e8 8438 «91 0. 10316 14.10 «69 g.
S5Ueb Sefu 1.06 g, 1uieb 11.%06 «85 0.
50.8 3.30 -2 00 -.00 101.6 10«92 «88 «05
S5¢e8 Seld -4 -«C0 i01.6 3438 1.60 «0%
5C. 8 1.40 =08 -+C0 1dl.0 5.84 1.45 «06
63.5 2€e80 =400  -o0C0 101.6 3.30 1.05 «10
63.5 Shecdb 19 Oe i01.6 2603 97 20
63+5 21.72 31 O, 1d1.06 1443 094 20
635 193.18 &7 Ue 114e3 2€.80 -.08 -o00
6345 1€.€4 63 Q. 114e3 24426 ~o03  =.00
&3.5 1‘0.10 "0- '00 11‘0.3 21072 013 0.
63«5 11.%6 .88 0. 11443 19,18 «25 Qe
63«5 18.92 -Gy -.00 l14e3 1i6eE4 Y g
63.5 8,38 «92 0. 114.3 14613 «69 0.

63.5 2«84 94 g. 114e3 11.56 «88 Ue



TABLE D-1 (Continued)

Z<(I)
1146 3
11443
11463
1143
1143
114, 3

R(J)

10.92
8.38
5.84
3430
2.03
1.40

NOX
e 94
le0ts
1.06
«95
a9l
34

NO
-0,
«07
«06
06
«15
«15
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TABLE D-2 NoX AND NO DATA

DATA FOR CASE 1 TEMP= 300,0 EQIV= ,6250 VEL= 7.240

(1) RrR{4Y H2C 02 cn2 C3H8 N2 co TEMP
Qe 26,80 .0161 .2122 0. «0282 .7234 ,0Q06 330.0
Qe 24,26 L0214 .2165 40038 .0258 717+ .001l1. 450.0
0. 21,72 .024T .1949 0. «0257 7447 ,0016 610.0

0. 19,18 .0332 .1708 .0101 .J2062 .7520 .0022 790.0
0. 16,64 .0390 .1429 L0170 .0113 7737 .0029 1010.0
0. 14,10 ,0504 .1278 L0350 ,0093 .7776 .0034 1175.0

0. 13,46 .0441 ,1473 ,0279 .01Q4 .7864 -.0 -0,
O 11.56 .0570 .1098 ,0430 ,0068 .7834 .,0037 1290.9
0. 10.92 .0626 .0920 .,0370 .,0092 .7992 -.0 -0.
0. 9,02 .0719 .1210 .0491 ,D0105 .7474 .0036 -0.
O. 8.38 .0686 .1022 .0421 00110 .7752 -0 ’00
0. 6.48 ,0747 ,1033 ,0411 .0119 ,.7590 .0035 1340.0
0. 5.8" 00751 +0951 .0460 «0111 .7827 -0 “0.
0. 3.96 00783 01019 .Obﬁl .0125 01332 -.0 ‘0.
0. l1.40 -.0010 -.0010 -.0010 -,0010 -.0010 -.0O10 -0
25.4 26,80 L0119 .2103 ,0037 ,0248 .7323 .,0001 -0.

254 24.26 L0135 .1908 ,0023 .0285 7649 .0007- 360.0
25.4 21.72 .0131 .1993 ,0034 .0282 L.7513 ,0011 475,90
25.% 19,18 ,0203 ,1649 ,2065 ,0158 .7125 L0018 650.0
25%.%4 16.64 .,0362 L1405 .0248 .0998 .7987 .0026 850.,0
25,4 14,10 .0518 41514 .0344 ,D074 .7549 .0931 1050.0

25.4% 13,46 -,0010 ~-.0010 -.0010 ~.0010 -.2910 -.0210 =0
2544 11,56 -.0010 -,0010 -,0010 -.,0010 -.,0010 ,0035 -0
2504 10.92 .0669 .1267 00378 00122 07564 -.0 -OQ
25.4 9,02 -.,0010 -.0010 -.0010 ~.,2210 -.09210 .003b 136%.90
25.4 8.38 '0711 «0997 00539 00170 07584 ’.O -Oo
25.4 6.48 —.0010 -.0010 -.N010 ~.09010 ~-.0010 G035 1375,0
25. 5.84 ,L,3733 .1017 L0511 .0l00 .7639 -.0 -0.
25.4%4 3,94 .0741 .0965 ,0608 .,0042 .7664 ,0047 -0.
25.4 le40 -.0010 -.06010 ~-.0010 ~-,0010 -.0010 -.0010 =0
50.8 26.80 «0146 .2018 0. 00230 .7607 -.0 -0.
50.8 24.26 0129 .1929 ,.,0032 .,0204 .7706 .0003 300.0
50.8 21.72 .0213 .1980 0. 0289 ,L,7518 .0U008 400.0

50.8 19.18 .0204 1699 .00721 L0176 L7790 .0015 56040
50.3 16.64 .0292 .1690 .0050 .0l86 L.7572 .0024 775.0

50.8 14.10 -,G010 -.0010 -,0010 ~-,0010 -.0010 .0032 -.0
50.8 13.46 .0583 .1596 .0273 .0202 .7345 -.0 -0.
50.83 11.56 -.0010 -.0010 -.0010 -,07010 -.07210 .0037 1175.0
50.8 11:0.92 .0772 .136 .0273 .0185 ,7320 -.0 -J.
50.8 9,02 ~.0010 -.0010 -,0010 ~.0010 ~.0010 .0039 1320.0
50. 8.38 «0709 01130 00456 .0180 .7745 )] _00
5J.8 6.48 -.0010 -,0010 -,001Q -.3913 -,0013 .0037 1380.0
S0 .8 5.84 L0741 ,0978 ,0440 .0145 L7646 -.0 =0
50.8 3.94 40720 L0956 0475 0152 7697 L0043 -0.
5.8 1.40 -,0010 -.,0010 -,0010 =-,2J010 -.2219 -.,99019 -.0
63,5 25.80 -,0010 -,0010 -,0010 -.0010 -,0010 -.001Q -.0
63.5 24.26 .0168 .1947 0. D264 L7702 -.0 -0,
63.5 21.72 .,0210 .2079 9. «0210 7401 .0007 375.0

63,5 19.18 .0256 L1767 0O, «0218 L7660 .0016 510.0



TABLE

Zi1)
63.5
63.5
63,5
6345
63.5

635
63.5"

63.5
63,5
63.5
63,5
76 .2
T6e2
76.2
76.2
T76.2
T6.2
76.2
76.2
T6.2
76,2

76.2°

T6.2
T76.2
76,2
T6.2
88.9
88.9
88.9
88.9
88.9
88.9
88.9
88.9
88.9
88.9
88.9
88.9
88.9
88.9
.88.9
101.%

101.6

101.6
121.6
!01.6
101.6
191.¢
101.6

D-2 (Continued)

RUJ)

16 .64
14.10
13.46
11.56

10.92.

9,02
8.38
6.48
5.84
3.94
1.40
26 .80
24,26
2L.72
19.18
16.64
14.10
13 .46
11,56
10,92
9,02
8.38
6.4%8
S.84
3.94
1.40
26.80
26,26
21.72
19.18
16.64
14,10
13.46
11.56
10.92
9.02
8.38
6 .48
5.8%
3.94
1 .40
26.80
24,26
21.72
19.18
16 .54
14,10
13.46

11.%6 -.,0010 -,0010 -.0010 -.0010 -.0010 .

H20
«0334
-.0010
« 0442
-.0010
« 0714
"0010
« 0843
-+J0010
.0828
«0843
-.0010
-.0010
- «0142
«0182
.0128
«0291
-+0010
20411
-.0010
«0€0¢€
-.0010
« 0645
~-.0010
20732
«0870
«0771
-.0010
-,0010
-.0010
.0078
« 0237
-.0010
+ 0499
-.0010
-00010

.—.0010

« 0693
-00010
-.0010

«0840

« 0546
-50010
-'0010
-+0010

«0158

20189
P-UOIO

« 0504

a2

- #1710
-.0010
«1472
-.0010
«1178
-.0010
«1206
-+.0010
« 1056
«0991
~.0010
-.0010
«2082
»2118
+2097
.1827
-.0010
«1516
-.0010
« 1376
-.0010
«1182
-00010
«0960
«1076
21227
-.0010
-.0010
-.0010
«1868
.1835
“-0010
«1591
-.0010
-.0010
-00010
«1258
-.0010
°.0010
«0802

«1047.

-.0010
-.0010
-.0010
«2127
+1932
-.0010
«1598

-177-

cn2
«0166
—.0010
«0171
=+0010
« 0327
-.0310
«0432
-+0010
»0513

0596

"0010
-.0010

20294

C3H8
0177
-«0010
+0193
-<0010

«0156°

-+.0010
«0128
-.0010
« 0065
«0103
-+0010
-.0010
«0230
«0303
«0241
0229
-.0010
«0128
-00010
<0161
-.0010
0162
-.0010
MNH154
«0123
« 0092
‘00010
-+0010
-+.0010
«0215
«0150
-.0010
«0187
-«0010
-.0010
-.0010
« 0102
-.0010
-.00190

« 0095 .

«0109
-.0010
-.0010

-.0010.

«0190
« 0227
-.0010
«0167

N2
«7813

-+.0010

o 1722

~ 0010

« 7626
-.0010
«7521
-.0010
« 6957
o T4b7
-.0010

-«0010 .

« 7546
« 7397
.7533
«68£9
-00010
« 7670
~.0010
« 7558

-.0010 .
«7508 .

-.0010
« 17719
« 7239
« 7473

-00010

-.0010

-.0010
. 7839
« 7104

-.0010
«7503

-.0010

-.0010.

-00010
« 7326
-+0010
-.0010
« 7735

« 7879
-.0010.

~-.0010
-.0010
.7825
. 7675
-.0010
.7336

._CG
«0024
.0033

-0 o
+0039

—.0

0042

TEMP
710.0
-.0
=0.
113n.0
-0,
1280.0
-0,
1370.0
-0
-0,
—-0
—}0
=0
340.0
450,0
625.0
’-0
-0.
1109.0
‘Or
1290.0
‘0.
1425.0
el ¥ I8
-0.
-0
-.0
—.0
300.0
410,.0
580.0
-+0
’0.
1115.0
-0
1300,0
-0-
1435.0
-0
"O-
-0.
'.0
-0
280.0
360.0
540.0
-0
’O.
1140,0



TABLE D-2 (Continued)

7{1)
101.6
131.6
191.6
101.56
101.5
101.6
101.6
114.3
114.3
114.3
114.3
114.3
114.3
114,3
114.3
114,3
114.3
114,3
114.3
114,.3
127.9
127.0
127.0
127.0
127.0
1279
127.0
127.0
127.0
127.0
127.0
127.D
127.0
127.0
127.0
139.7
139,7
139.7
139.7
139,7
139.7
139.7
139.,7
139,7
139.7
139,7
139,7

R(J)
10.92
9.02
8.28
6.48
5.84
3.94
1.40
26.80
24 .26
21.72
19.18
16.64
14.10
13.46
11.56
10.92
9-02
8.38
6.48
5.84
3.94
1.40
26.80
24426
21.72
19,18
16.64
14.10
13.46
11.56
10.92
9.02
8.38
6.48
5.84
3.94
1.40
26 .80
24426
21.72
19.18
16.64
14.10
13.46
11.56
10.92
9.02
8.38

H20
«0638
-.0010
«0951
-.0010
«0835
»0905
<0770
-.0010
-.0010
« 0149
«019¢
.0190
-.0010
-.00190
«0652
«0863
-.0010
+0880
.0859
«0874
—.OOIO
-.0010
»0118
« 0069
«0D109
-00010
.0543
« 0656
-00010
«0802
-.0010
0991
.-0764
<0951
-.,0010
-.0010
-.0010
«0105
-.0010
«0216
'00010
«0290
-.0010
«0355

02
«1292
«1136

-.00210
+0875
.0848
1051

-.0010

- .00 10
«1934
«1908
«2068

-.,0010

-+.0010

-.0010
«1314

-.0010
«1009

-.0010
.0101
«0991
«0814

-,0010

-.0010
« 1865
»1950
«1953

-.0910
«1421

-‘0010
<1316

-.0010
«0909

-.0010
0724
«G803
.0823

-.0010

-.0010

~-.0010
<-.0010
«2110
~-.0N10
«1952

-.0010
-1219

-.031D
«1501

-178-

co2
<0543
°-°010
«047T9
-.0010
« 0468
«0509
001081
-.0010
- .00 10

C3H8
0076
-+2010
+J174
".0‘)10
«0117
«0037
«0013
-.0010
0270
« 0241
« 0257
-,0010
-.0010
“00010
<0044
<0076
-.0010
.0080
«39090
.0098
-.0010
«0267
+0271
«0249
«0200
-.0010
<0044
-00010
«0021
-.0010
«0001
0010
«0012
~-.0010
—00010
-«0010
0257
‘OO\)IO
«0240
-.0010
«0235
-.0710
0121

N2
«T411
‘00010
« 1260
".0010
« 7705
s 1451
« 7586
-. 30010
-.,0010
« 1647
« 1616
« 7315
-.0010
~-+.0010
- .0010
«7108
-«0010
« 7456
-.0010
« 7813
«7382
« 7513
-.03210
- 0010
«7751
+ 7710
«7888
-.0010
« 7674
~-.0010
« 75¢9
~.0010
« 7571
« 7552
« 7814
« 7512
~.0010
-.0010
Te 0010
-.0010
«7528
-00010
« 7561
-.0010
« 1715
-.0010
« 7599

6.48 -.0010 -,0010 -.0010 -.,0010 -.0010

co
—.O
« 0047
~-e0
20047
--0
0054
«0144
-.0010
-.0010
-0
«0007
«0017
«0033
-«0010
« 0046

" TEMP -
'0. :
1320.0
=0,
1460.0
"0'0
-0,
‘0.
-0

295,0
325.0
500.0
- .0
-.0
1150.0
-0,
1375.0
-0.
1475.0
‘0.
-0.
-0
-0
-0
-O.
300.0
375.0
620.0
"O.
-0
"Oo
1340.0
-0,
1470.0
EX
-0
-00
-0



TABLE D-2 (Continued)

ARS
139.,7
139.7
139.7
146.0
144,90
146.0
146.90
146.0
146.0
146.0
146.0
146.0
146.0
146 .0
146 .0
146.0
14€ .0
146.0
152.4
152.4
152.4
152.4
152.4
152.4
152.4
152.4
152.4
152 .4
152.4
152.4
152 .4
152.4

RUJ)
5.84
3.%4
1.40

26.80

24.26

21.72

19.18

l6.64

14.10

13.46

11.56

10.92
9.02
8.38
6.48
S.84
3.94
1.40

26.80

24.26

21.72

19.18

16.¢4

14.10

13,46

11.56

10.92
9.02
8.38
6.48
5.84
3.94
1.40

H29
«0591
« 0696
« 0724
-.0010
-.0010
-.0010
-00010
-.0010
-.0010
-.0010
-.0010C
-.0010
-.0010

+0158
-.0010

.0128

«0211

«0341
-.0910
-.0010
-.0010
-.0010
-.0010
-.0010
--0910
-.0010
-.0010
°.0010

«0149

-.0010
.0129
+0090

«0112

02
«1294%
» 1025
«1013
-.0010
-.0010
--0010
-.0010
~.0010
—-0010
‘00010
-.0010
-.0010
-.0010

2096
-.0010

«1937

«1711

«1639
-.0010
-.0010
-.0010
-00010
-.0010
-.0010
-.0010
-.0010
-.0010

+»2085
-.0010

« 2091

«1922

«2132

-179-

os 4
« 0498
« 0505
«0513
--0010
-.3310
'-0010
-.0010
‘.0010
--0010
-.0010
-00010
-.0010
‘.0010

-.0010
«0023
<0077
.0180

-.9910

-.0010

-.0010

-.0019

-.0010

-.0010

-.DDIO

-.0010

-.0010

-.0010
0'

»0348

C3Hs8
+0096
«.0130
«0U98
=-.0010
-.0010
-.0010
-.0010
-.0010
-+0010
-00010
-.0010
-00010
-.0010

« 0234
-.0010

.0258

.0178

<0155
-.0010
-.0010
-.0010
-00010
-.0010
-.0010
-.3010
-.0010
-.0010
-.0019

.0268
-.0010
«0241

»025%

0157

N2
« 7520
« 7644
e« 7652
“.0010
~.0010
-.0010
~-.0010
-+ 0010
-.,0010
-.0010
-00010
-.0010
~-.0010
« 7713
-00010
« 7655
» 8023
« 7135
-.0019
-00010
--0010
-.0010
-.0010
-.0010
-.0010
-.0010
=-.0010
-. 0010
« 7438
« 71674
«7551

cn
-0
«0017
«0019
-.0010
-.0010
-. 0010
-.0010
-.0010
-.,0010
-.0010
-.0010
-.0010
-.0010
-.0
-«0019
-.0
«0003
«00N4
_.0010
-.0010
-.0010
-00010
-.0010
-+0010
'00010

-.0010
-.0
-0
-.0

TEMP

-2



TABLE D-2 (Continued)
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DATA FOR CASE 3 TEMP= 600.0

Z(I)
0.
Qe
Oe
0.
1
B
Do
Ge
0.
Q.
Oe

2S¢k
2544
2% &4
250
25.4
25 4
254
2544
254
254
254
508
50.8
50.8
508
50.8
50.,8
50.8
50.8
50.8
S0.8
50.8
6345
6345
635
635
63.5
6§35
63.5
63.5
63.5
63.5
63.5
76e2
7602
762
76¢2
7542

R(J)
26480
24.26
21.72
19.18
16.64
14010
11.56

9. 02
6els8
394
1. 40
26480
24426
21.72
19.18
16. 64
14410
11.56
9.80¢2
6e 48
Je 4
1.40
260 80
24e26
2172
19.18
16.64
14.10
11.56
3.02
6o 48
3. 34
1.40
264680
24426
21.72
19.18
16. 64
14.10
1156
9,02
6e48
3«94
1. 40
26080
2426
2i.72
19.18
16.64

H20
+0956
<0817
«0743
<1011
«1003
«0973
«0872
«1060U
«0949
«035¢4
-«0010
«1024
<0864
« 0976
<1017
«1083
«0827
«0868
«1071
«0849
«0893
-+0010
« 0845
«09186
«0924
<0882
«1035
«0826
« 0994
«092b6
<0859
<0897
-.0010
‘00010
«0914
«0836
«0887
«0954
«0969
«0953
«0933
«0905
«0793
-. 0010
-.00180
<0708
«0990
«0910
«0895

02
« 0771
0794
¢ 0763
«072¢4%
«0806
«0848
« 0755
« 0828
« 0949
«0706
-«0010
«0882
« 0725
« 0822
« 0933
« 03893
« 0694
« 0654
«0808
« 0589
«0786
~e0010
« 0753
« 0829
0895
«0855
« 0850
« 0751
« 0815
« 0757
«0868
« 0766
-+0010
~«0010
«09G8
«0803
«0738
« 0843
« 0924
«0831
« 0954
08044
« 0816
-« 0010
-+0010
«1413
«0876
«0807
«0898

co2
«0713
«0716
« 0749
<0801
« 0742
«0718
«0713
«0800
« 0767
»0803
‘.0010
«0588
« 0548
« 0719
«0723
<0700
« 0577
«0727
«0789
« 0634
«0724
-+ 0010
« 3424
«0478
«0590
«0587
« 0695
«0692
« 0675
« 0727
«0659
<0685
~.0010
~-«0010
« 0492
«0543
«0563
«0768
«0704
« 0586
« 0642
« 0653
«0709
-« 0010
~.0010
«0175
«0519
« 0554
« 0636

EQIV= <6250 VEL= 7.240
C3H8 N2 co
«0086 <7524 <0016
<0011 7828 0013
«0023 <7903 .0013
«0028 7396 <0011
«0031 .7628 .0008
<0025 +7358 40005
«0001 +7659 40003
«0004 47309 .0003
«0009 7326 +0002
c0010 07“37 “oo

-+0010 ~.00106 -.0010
«0019 47286 -e0
«0093 .7930 .0022
<0006 WT477 0015
«0012 .7226 L0009
«0070 <7194 0006
«0081 L7771 <0005
«0010 .7731 .0005
«0010 7321 .0004
«0090 <7837 .0003
«0032 7564 <0002

~e0010 -.0010 -.0010
0144 e7833 ~o8
00087 07689 7.0
«0008 <7534 L0024
«0084 <7642 <0016
«0007 <7412 0012
«0034 <7696 <0008
«0805 7510 0005
«0007 .7634 0005
«0017 +7598 .0003
«0013 7782 0002

-+0010 -.0010 -. 0010

-+0010 -.0010 -« 0010
20010 +.7676 0048
«0107 7771 <0029
«0069 «7863 ~a0
«0097 .7118 <0012
«0006 7167 0008
«0090 <7341 ,0005
«0083 .7388 .0005
«0040 7558 0004
«0001 .7682 0003

-+0010 -.0010 -.0010

-«0040 -.0010 -.0010
«0152 <7553 <0094
«0035 <7580 <0044
«0090 .7639 .0023
«0051 7520 <0016

TENP
-0
0.
1740.0
1765.0
1785.0
1795.0
1800.0
1780.0
1695.0
-0
-e0
1570.0
1600.0
1695.0
1750.0
1785.0
1810.0
1800.0
-0
1760.0
) -0.
. -o0
1275%.0
1350.0
157540
1710.0
1775.0
-0
1800.0
1780.0
1680.0
=0.
ol
1110.0
1180.0
1445.0
-0.
1725.0
1790.0
1790.0
1785.0
1775.0
-0.
°.°
950.0
-0
1320.0
156040
17606.0



TABLE

Z{I)
76.2
7602
7642
762
76.2
76.2
88.9
88.9
88.3
88.9
88.9
88.9
88.9
88.9
88.9
88.9
88.9
101.6
101.6
101.6
101.6
101.6
101.6
101.6
101.6
161.6
101.6
101.6
1143
114.3
11443
11443
1143
114.3
114.3
11443
114.3
11443
11443
12740
127.0
127 .0
127 .0
127.0
127.0
127 .0
127.0
127 .6
127.0

D-2 (Continued)

R(J)
14.10
11.56
9.02
6e48
3¢9
1.40
26.80
2he 26
21.72
19.18
16«64
14.10
11.56
3.02
6o 48
3.94
1. 40
26.80
2426
21.72
19,18
16.64
14,10
11.56
9.02
be 48
Je9h
1.40
26480
2426
21e72
19.18
16.64
14.10
11.56
9.02
6e48
3e 24
1.40
26. 80
24426
21.72
19.18
16.64
14.190
11.56
9.02
6e48
3.94

H20
o095
<0877
«0678
«0950
«0935

-+0010
-.0010
« 0585
«0867
«0917
<1098
«0988
<0914
« 0971

02
« 0842
« 0803
«0779
« 0817
00772
-a0010
-. 0010
«1979
«1063
« 0872
« 0943
«0833
« 0786
« 0804
«0856
«0909
« 0880
-+0010
«2109
«1787
«1049
«0872
« 084S
« 0830
« 0667
« 0698
« 0678
«0769
e 0010
-«0010
«1860
«1222
« 0850
«0858
« 0824
«0843
«0718
« 0796
« 0757
‘00010
~+ 0010
«1907
«1619
«1265
« 03582
«0809
« 0682
« 732
« 0651

-181-

coz2
« 0630
«0636
« 0515
«0731
«0698
-+0010
-.0010
« 0140
«0358
« 04566
«0675
« 0697
« 0631
«0703
«0713
« 0627
« 0556
-+0010
«0100
«0263
« 0394
«0612
« 0667
«0546
« 0669
«0599
« 0547
«0562
«0010
-+00180
0116
«0186
« 0576
« 0566
<0494
«0488
« 0654
« 0579
«0579
« 0010
-«0010
« 0041
e 0144
« 0290
« 0481
« 0516
«0538
0474
« U588

C3H8
«0066
«0006
«0015
«0006
«0014
«0013
<0010
0143
+0016
«0186
« 0043
«0070
«0128
«0012
«0006
«0045
«0083
«0010
«0351
«0020
«0073
«0008
« 0087
«0013
«0033
«006b6
«0062
«0070
«0010
+0010
«0215
«0136
«0071
o 0142
«0115
«0103
«0048
«0066
«0126
«0010
«0010
«0221
« 0197
«0123
«0153
«0117
«0097
«0082
«0085

co
~el
<0008
« 0005
« 0005
- 0005
-« 0010
Oe
«0200
«0087
« 0032
« 0017
« 0011
-o0
« 0005
« 0004
-0
« 0020
-« 0010
« 0030
«0190
«0050
«0019
<0010
<0007
- 0003
» 0006
« 0012
«0020
‘.0010
-+ 0010
<0028
« 0150
«0027
-eD
« 0008
-0
-e0
« 0008
«0011
-+0010
'00010
-s0
« 0230
«0065
-.0
«0010
e
« 0005
«0003

TEMP
1775.0
1780.0
1775.0
1773.0

-0e
-0

810.0

860.0
1150.0
1440.0
165040
1760.0
1775.0

-0.
1750.0

“0e

“0e

710.0

770.0
1010.0
1360.0
1660.0

-0
1745.0
1740,0
1730.0

-0

-0

640.0

680.0

940.0

-0
1580.0
1720.0
1725.0
1720.0
1720.0
1710.0

-0

-e0

620.0

-0
1075.0
1450.0
1660.0
1700.0
1720.0
172040

-0a



TABLE D-2 (Continued)

Z(n
127 .0
139.7

1397

139.7
139.7
139.7
139.7
133.7
139.7
139.7
139.7
139.7
14540
14640
146.0
14640
14660
146.0
1460
146.0
14540
146.0
146.0
152. 4
152.4
152.4
152.4
152. 4
152.4
152.4
152.4
1524
152. 4
1524

R4
1.40
26¢ 80
24426
21.72
19.18
16.64
14.10
11.56
9.02
6elt8
394
140
26480
24426
21.72
19.18
16. 64
14.10
31.56
9402
6e 448
394
1.40
264 80
24.26
21.72
19.18
1664
14010
11. %6
9.02
6o 48
394
1.40

H2)
«0921
-« 0013
-.0010
-.0010
«0272
a0 4bb
«0623
«0750
«09b64
«0916
«0970
«1138
‘00010
‘-0010
-+0010
-e 0018
-«<0010
<0418
«0374
«0524
« 0666
«0831
«0939
-+ 0010
-+0010
~+0010
-+0010
--0010
-<.00180
« 0155
«0201
«0237
«0322
«0578

32
«0703
-e 0010
'-0010
-« 0010
«2000
«1668
«1342
«1152
«09398
« 0922
«0868
« 0855
-« 0010
-+ 0010
-«0010
~+ 0010
-« 0010
«1896
«1652
«1342
«1242
«1148
¢ 0947
-« 0010
-«0010
-« 0010
-+0010
'00010
-« 0010
e172¢
«1307
«1821
«1616
«1987

-182-

co2
« 0587
-« 0010
-.0010
-« 0010
0.
«0189
«0408
«0372
«0373
« 0420
«0551
«0546
-+ 0010
-.0010
-«0010
-«0010
-,0010
<0200
« 0132
« 0242
«0480
« 0451
«0356
-+ 0010
-« 0010
--UUIU
-«0010
-«0010
-«0010
« 0321
«0035
« 0074
« 0204
« 0284

C3H8
«0069
‘.0010
—.0010
-«0010
« 0246
«0022
«0118
«0110
e01i74
«0186
«0104
<0161
-.0010
-.0010
-«0010
-o.0010
-.0010
«0219
«0156
«0148
«0096
«0117
« 0246
-20010
-«0010
-+0010
~«06010
~e 0010
-.0010
«023¢0
«0251
«0276
«012%
<0201

N2
« 7719
-« 0018
-.0010
-« 0010
«7482
«7611
«7910
« 7552
«7393
o 7457
o 7407
«7201
-«0010
-.0010
-.0010
’00010
-«0010
7428
« 7586
o 7743
«7416
o T452
« 7512
-+ 0010
'.0010
-«0010
-.0010
-.0010
-.0010
e 7874
«7576
«7592
o 7735
« 7157

co TEMP

« 0005 -0.
'-0010 --0
-+0010 -of

-« 0010 645.0
«0018 830.0
«0060 1135.0
« 0065 1440.0
«0027 1600.0

-.0 1670.0
«0016 1680.0
« 0005 -0
«0010 '

-2 0010 -o 0

-«0010 -o(

-« 0010 -el

-+0010 -0

-« 0010 -e 0

~e0 975.0

« 0250 1180.0
«8021 1375.0
«0028 154040

«0090 -0.
«0030 =0
~«0010 ~o 0
-+ 0010 -e0
-+« 0010 ~e0

-« 0010 590.0
-«0010 620.0
-~.0010 690.0
-0 7900
« 00085 930.0
«0008 1075.0
«0015 ~0e
-02“3 ’ ~0.



TABLE D-2 (Continued)

.DATA FOR CASE 6

Z(1)
0.
0.
0.
a.
Qe
g.
0.

R(J)
26480
C2he 26
21.72
19.18
10¢ 64
14.10
11.56

9.02
648
3:94
140
264 80
24426
21.72
19.18
1664
14010
11.56
9.02
Ge 48
3«94
1. 40
26480
24026
24472
19.18
16. 64
14.10
11.56
9.02
6e48
394
1.40
26+ 80
2426
21«72
19.18
16+ 64
1410
11.56
9.02
6o &8
3.4
140
26480
2he 20
2172
19.18
16464

H20
0259
«0351
«0413
«05406
« 0575
«0654
<0657
«0681
«0653
«0757
-+0010
«0177
«0337
«0305
«0535
« 0544
«0533
<0621
«0615
« 0691
<0601
-.0010
-«0010
«0140
«0287
«0320
«0508
«0503
«0553
«0588
«0593
«0766
-+0010
-.0010
«0236
«0302
«03b6
«0363
«0415
«0548
«0615
«0698
-.0010
-.OULU
-.0010
-.0010
«0237
a04L73
o Dlslel

-183-

TEMP= 600.0

02
20300
«1906
«172%
«1673
«1320
«1397
«1349
«1327
«1284
«1085

-« 0010
«1307
«1980

e1740

«1747
«1497
«1521
«1512
<1468
«1207
«1167
'00010
-« 0010
«1888
«1903
«1775
«1585
«1457
«1512
«1407
«1251
«1267
-« 0010
~e 0010
«1889
«1866
«1795
«1496
«1605
«1318
«1379
«1311
-« 0010
~«0010
-20010
-« G010
¢ 1947
«1843
«1658

coe2
«0095
«0173
«0211
« 0238
«0268
«0355
«0550
<0587
«0593
«0 57
-+0010
«0036
<0128
«0178
«0212
«0253
«038¢4
« 0580
« 0526
«0613
20552
-« 0010
-.00180
« 0041
«0140
«0186
«0212
« 0390
« 0437
«0578
<0642
« 06041
~-+0010
-« 0010
«0024
«0052
«013Q
« 0235
«0289
<0402
« 0535
«0483
'00010
-.0010
-«0010
-«0010
«0029
« 0126
« 0262

EQIV= 0450 VEL= 7.240

C3Hs8
«0175
«0158

«0156

«0114

«0093

«0063

«0002
0.

«0001

«0005
'.0010

«0223

«0210

«0170

<0076

«0161

«3070

«0057
0.

«0006

«000G7
-.0010
-«0010

« 0154

«33178

«0130

«0122

+0100

«0113

«0096

« 0004

«001b6
-«0G10
-«0010

«0187

«0155

«0115

«0105

«0109

«0084
0.

«00 4k
-+0010
~-«0010
~-+0010
~-«0010

«0171

«0178

«0148

N2 co

7471 Q025
« 7407 0024
« 7455 L0023

« 7430 =40
«7845 40024
e7530 =40

«7502 .002%
«7045 +0020
«7298 .0020
«7076 0026
-~«001GC -.0010
«e7752 =ol
« 7345 0021
« 7607 0822
«7330 0025
«7545 <0027
07392 -.0
«7079 0028
«7191 .0023
7484 <0019
«7673 .0028
-¢ 0010 - 0010
-«0010 -,0010
«7776 =o0
« 7492 L0020
07789 ‘00
e7213 =0
«7551 ~.0
«7185 0033
«7301 .0025
«7510 0023
«7011 0030
-.0010 -.0010
-.0010 -.0010
« 7663 <0015
« 7625 <0020
«7513 0024
«7801 .0029
« 7664 -4 0
«7649 L0034
«6871 0034
«7389 .0026
-«0010 « 0027
-+001G -.0010
-«0010 ~-.0810
'00010 -.0010
«7716 0016
«7380 <0021
«e7091 ~-<0

TEMP
970.0
1120.0
-0
1275.0
1330.0
1420.0
1450.0
1460.0
1410.0
do,
-.0
-0,
1000.0
112040
1200.0
1360.0
1350.0
1410.0
1420.0
-0.
-0
-e0
-0
910.0
1025.0
1125.0
1240.0
13250
-0e
1425.0
1420.0
~0e
~-o0
-.0
875.0
975.0
1075.0
-0
1280.0
1360.0
142040
1425.0
-.o
-s0
-0
810.0
'
1040.0
115060



TABLE

(1)
76.2
76.2
7642
7642
7662
76.2
88,9
88.9
88.9
88.9
88.9
88.9
88.9
8849
88.9
88.9
88,9
101.6
101.6
101.6
101.6
101.6
101.6
101.6
101.6
101.6
101.6
101.6
114%.3
114.3
114,3
114,3
114.3
114.3
114,3
114.3
114, 3
11443
114.3
127.0
127 .0
127.0
127.0
127.0
127.0
127.0
127,40
127.0
127.0

DQZ:(Continued)'.3

R(J)
14,10
11.56
9.02
6e48
3. 94
1.40
26480
24,26
21i.72
19,18
16.64
14.10
11,56
9.02
6s 48
3e94
1.40
26480
24426
21,72
19.18
16. 64
14.190
11.56
9«02
be 48
394
1.40
26.80
2Le26
21.72
19.18
16464
14.10
11.56
9,02
6e 48
394
1.40
26.80
26426
21.72
19.18
16. 64
14410
11.56
3.02
6e48
3.94

H20
«0501
«3494
«0535
«0640
«0656

-.0010
-« 0010
«0164
«0221
«0348
«0377
«0509
« 0544
«0571
«0627
«0650
«0531
-.0010
°.0010
«01838
«0309
« 0421
«0384
«0589
«0671
«0628
+ 0845
«0548
~.0010
~.0010
0215
«0260
+0386
«0530
«0656
« 0744
« 3614
<0642
«0711
--0010
-.0010
- 0010
«0299
«0350
«0510G
«0557
«0523
o772
o 0744

02
21677
«1486
«1401
«1383
«1308

-«0010
-« 0010
«2621
«1949
21956
«1633
«1656
« 1637
«1357
«1237
«1281
«1517
-« 0010
-+ 0010
«2031
«2038
«1613
«1582
«1385
«1336
«1310
«1329
«1393
-+0010
~«0010
«1955
«2108
«1810
«1642
«1585
«1303
«1279
«1294
«1360
‘00010
-.0018
-« 0010
« 2035
»1827
«1540
«1483
«13C3
«1233
«1265

-184-

coz2
«0369
« 0440
« 04381
«0568
«0621
-.0010
'-0010
8.
«0020
000““
«0173
«0233
« 0457
« 0440
«0630
«0678
«04L78
-«0010
-«0010
«0015
« 0085
«0167
«0231
.0511
e D443
« 0649
«0588
« 0443
-.0010
‘10010
0.
«0072
«G110
s0i44
«0583
« 0596
«0580
+ 0545
«0503
—.0010
-a0g0190
-« 0010
«0014
«0033
«0197
«0519
«0468
« 0452
«0603

C3H3
«0103
«0100
«0103
«0004
<0053

-«0010
-.0010
«0199
«0180
«0247
«0163
«03175
«0003
«0035
«0016
0.
«0000
~4.0010
-«0010
«0214
«0212
«0138
«0099
«0109
«007%
«00p2
0.
«0003
0.0010
~«0010
«0239
«3238
«01868
«01706
«0067
«0034
«00G51
«0041
«0115
~+0010
‘00010
-.0010
. 0217
«0154
«0207
«0050
«0104
«0118
0.

N2
7349
«7612
«7419
«7316
7396

~« 0010
-« 0010
«7815
«7751
« 7405
« 7654
e 7426
07208
«7530
o 7490
«7390
7414
~.0010
-~ 0010
«7551
« 7356
« 7660
« 7704
« 7433
«6996
7411
«7236
«7613
~«0010
‘00010
e7482
«7223
«7505
«7507
«6789
« 7233
« 7476
7418
«7201
~0010
~. 0010
~«0010
e 7635
« 7417
« 7746
« 7291
«7603
« 7425
«7281

.co
«0032
« 0035
«0030
« 0027
0025
-« 0010
-« 0010
«0009
« 0014
-~e0
« 0027
« 0034
«0037
«0031
« 00480
'QO
« 0063
-« 0010
Oe
« 0012
« 0019
~el
«0033
« 0036
«0033
» 0031
«0056
«0084
-e00180
« 0053
«0009
“~e0
-0
«0033
« 0037
« 0031
« G030
« 0050
« 0092
-.0010
-« 0010
«0008
«0150
« 0022
‘.0
«0036
« 0031
«0025
«0028

TENP:
1270.0
1365.0
1410.0
1445.0

“0e
=-e0
-.0

775.0

890.0
1000.0
1130.0
1270.0
1365.0
142040

~0.

=0

-0e
-o0

74040

840.0

950.0
1100.0
1245.0

-0.
1425.0
144000

-0

-o.

. --0

700.0

800.0

960.0
1125.80

=0
1370.0
1430.0
14400

-0

-0.

-e

650.0

770.0

910.0

-0.
1275.0
1400.0
1440.0
1460.0

-0.
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TABLE D-2 (Continued)

F49 ¢
127.0
139.7
1397

13967

139.7

. 139.7

139.7
139.7
139.7

'139.7
139.7

133.7
152. 4
152.4
15244
1524
1524
152. 4
1524
152. 4
152. 4
152. 4
152. 4
158.7
158.7
158.7
158.7
158.7
158.7

15847

15847
158.7

" 15847
©158.7

R(J)
1.40

26.80
2he 26
2i.72
19.18
16. 64
14010
11.56
9,02
6048
394
‘1e40
26. 80
24426
21.72
19.18
16.64
14.10
11.56
9.02
648
3e 94
1.40
26480
24426
21.72
19.18
1664
14.10
11.56
9.02
6e48
3e94
140

H20
«0739
~.0010
=.0014
-+0010
«0175
« 0297
«0481
« 0483
<0651
«0626
<0711
«0781
-«0010
-«0010
-.0010
-.0010
~«0010
-e0010
«0269
«0367
<0515
«0551
« 0476
-.0010
-.0010
-.0010
-+0010
~+0010
-« 0010
«0232
«0164
«0245
«0216
-+0010

02
e1163
-2 0010
-« 0010
-« 0010
e 2044
«1879
«1693
«1696
«1514
01254
«1045
«1216
-« 0010
- G010
~-+«0010
-«0010
-+ 0010
~« 0010
e 2144
«1907
«1815
«1608
«1288
~«0010
~«0010
-« 0010
-e0010
-+ 0010
-« 0010
«2134
2128
«2038
«1962
-« 0010

-185-

coz2
« 0493
‘.0010
-.0010
~.0010
0.
«0003
<0088
« 0239
«0572
«0573
«0587
«0535
-+0010
‘00010
-«0010
‘00010
-=0010
-+0010
«0116
« 0150
«0319
« 0566
«0526
-+« 0010
-.0010
‘-0010
-.0010
-.0010
‘-0010

C3H8
«0108
-«0410
~¢0010
-.0010
«0193
«0162
<0188
«0097
20012
«9007
<0008
«0064
-.0010
-«0014
‘.0010
-+0010
-+0010
-«0010
«0232
« 0242
«0171
«0125
«0D08
--0010
~«0010
~-«0010
-«0010
-«.0010
'00010
«0181
«0180
«0163
«0248
-+00180

N2
«7397
-50010
~-s0010
-.0010
« 7787
«7538

«7531

«7263
«7251
«7500
« 7579
«7312
-+0010
-«3010
-¢0010
-«0010
~+0010
-«0010
«7038
«7335
«7081
«7150
«7702
-.0010
-« 0010
-«0010
-«0010
-00010
-+ 0010
6903
o 7T44L3
07248
7440
e 0010

co
-o0
-« 0010
-~«0010
« 0049
« 0009
«0026
«0024
« 0031
«0028
» 0019
« 0015
«0017
-.0010
‘90010
-« 0010
--0“10
'.0010
-2 0010
-0
«0010
«0012
-e0
~e0
-« 0010
-.0010
-«0010
-« 0010
-« 0010
-. 0010
-.0
O
-« 0
-0
-« 0010

TEMP
0.
f.ﬂ
615.0
700.0
'
1000.90
1200.0
1330.0
1420.0
1445.0
=0
=0
-.0
575.0
-e0
650.0
750.0
875.0
1050.0
1175.0
1300.0
-0
-0.
~e0
-o
-0
-ef
620.0
690.0
785.0
875.0
1020.0



APPENDIX E

Numerical Computer Program

This appendix lists the numerical computer program used in
this investigation to solve the governing differential equations
for the opposed reacting jet flowfield. This program represents a
modified version of the original program developed by Gosman, et a1[44]
and later used by Samue]sen[47]. Section E.1 defines the Fortran
symbols used in the program and Section E.2 provides a complete
listing of the program. The various subroutines are described in

detail in the above mentioned references.

E.1. Fortran Symbols

Fortran Symbols Meaning

A(I,J,1 to?9), Dependent variables

also AQ(I, J, 1 to 9)

ACTE(I) Activation energy

AGLOB(I) See GLOB(I)

ANAME Fu]f names for dependent variables; for

use in print-out

AQ(I, J, 1 to 13) For convenience, some variables are
assigned two variable-names, through an
EQUIVALENCE statement, one of the two is

AQ

AQ(I, J, 14) Temporary storage locations

ASYMBL Symbol array for dependent variables, e.g.
STRM for stream function; for use in
print-out

ATITLE Title of problem to be input through this
array

AU The finite-difference approximation for

the convection terms for the dependent
variable ¢ is: ZU - ¢P-AU

186



BB

BGLOB(I)

cC

CPJ (1 to 3)
CPREF

DCN, DN

DC

DELX 1 (I)

DELX 2 (J)

G1(I,J), also AQ(I,J,10
G2(1,d), also AQ(I,J,11
GC

GCPM

GMIE, GMIW
GM2N, GM2S

GLOB(I)

HF
IC, IN
IE

IN
INM
IMIN(J), IMAX(J)

INDG

-187-
Coefficient in the quadratic representa-
tion of a -profile near an adiabatic
boundary
See GLOB(I)
Convergence criterion
Specific heats of mixture components
Reference specific heat
Chamber dimensions

Divergence driterion

Length of control volume in the z direc-
tion for nodes on grid-line I

Length of control volume in the r direc-
tion for noeds on grid-line J

Mass velocities in directions z and r
respectively

Gravitational constant
Universal gas constant

Quantities used for evaluation of the
convection terms

Preexponential factor in E?uation 4.24,
GLOB = AGLOB(I) - 10BGLOB(T)

Heat of formation
Grid-Tine designations

Number of partial differential equations
to be solved

Number of z = constant grid lines
= IN - 1

Respectively, value of I on Jth.line at
lefthand boundary and righthand boundary

Control index for geometry of flow: 1

for Cartesian coordinates, 2 for cylindrical

coordinates



INDRO

INDE(K)

INDZMU

JN

Jc1, J€2, JC, JN
JJc2

JC2M

JCIM

JNM

KVORT

NW
NF
NZML
NZMC Dependent-
variable ordering
and identifying
index, respective-
ly for:

NZMN
NZMH
NZMF
NVT
"~ NP

NMAX

NPRIN

-188-

Control index for density: 2 for noh<
uniform density, 1 for constant density

Only when this index is put equal to T
will the equation for the dependent
variable having the ordering index _
equal to K be solved _

Control index for viscosity: 2 for variable
viscosity, 1 for constant viscosity

Number of r constant grid lines

Grid-line designations

Jc2 + 1
Jc2 - 1
JC1 - 1
IN - 1

A control index used during‘ca1cu1ation
of vorticities on boundaries: when KVORT
= (0, wall vorticities are not calculated
when KVORT = 1, wall values calculated as
well

Vorticity/radius

Stream function

Fuel mass fraction

002 mass fraction

NO mass fraction

Stagnation enthalpy

Mixture fraction

Swirl velocity

Static pressure

Maximum number of iterations to be
performed

Results to be printed out, in display
form, at intervals of NPRIN interations



'NHOT

" NPRES

.~ NREAD
PHIP .

- PHIJ'

PR 91 to 9)

 PREF

"R(J)

RADC1, RADC2, RADN
RO(I,J), also AQ(I,J,12)
ROP '

ROREF

ROJ

ROWF

RP (1 to 9)

STC
SOURCE

T(1.d)
TREF
VINP
VING
X1(1)
x2(J) .

-189-

NHOT = 0, cold flow; NHOT = 1, hot flow

NPRES
NPRES

0 static pfessUre not obtained;
1 static pressure is obtained

Number of dependent variable values to
be read in from previous solution

‘Primary stream equivalence ratio -

‘Jet stream equivalence ratio

Prandtl or Schmidt numbers; i.e., Oh,eff
OF Ofy eff |

Reference static pressure

Value of r at the constant r grid-line J
Chamber radii

Mixture density, o

Mixture density at primary or fuel inlet
Reference density

Mixture density at jet inlet

Weighting factor (or under-relaxation
factor) for density

Relaxation parameters for dependent
variables

Stoichiometric fuel/air ratio

The source term for the dependent variable
¥ is approximated by: source term =
SOURCE + ZQ x op

Absolute temperature

Reference temperature

Axial velocity at primary inTet

Axial velocity at jet inlet

Spatial length to grid-line I

Spatial length to grid-line d



ZEX

23¢

AMU(1,3), also AQ(I,d,13)
ZMUK

AMUREF

IMW (1 to 3)
JAV

2Q
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Exponential factor, Equation 4.24
Joule's constant
Effective viscosity, Moff

Constant K in the effective-viscosity
law

Reference viscosity
Molecular weights
See AU

See SOURCE
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E.2. Fortran Listing of Program OPJET

BLCCK CATA
C Of JET
COMMON/CVP/A{33,15+9)+G1(33,15),G2(33, 15).R0(33v15)’ZMU(33015)
COMMON/CGRID/ IMIN(33 1, IMAX(33)¢IN,JN, INMy UNM, TE
COMMON/CNUMBR/NWoNF yNZML yNZMHy NZMC yNZMF 3y NZFMNy NPy NVT
COMMON/CINDEX/INDE (91, INDGs INDRO » INDZMU
COMMON/CCHECK/RSDULI 14 RP (T4 CCoDCoeNMAX ¢ NPRIN
COMMON/CREFER/ROREF , PREF ZMUREF, TREF,CFREF,TO
COMMON/CCONST/PRI914ZMW(3),CPI(3),GCPMGC +2JC
COMMCN/CHEM/STCSTOX o HFP HFCDy HFCO2, HFH20 4GLOB(3 4,4 ZEX( 3)
COMMON/CYLT/ZJC1sJC2¢1CsRADCL yRADC2 4 RADN, DCNy DNy JJC 2 ICMy JC2My JCIM
COMMON/CX1X2/X1(331,X2(15),DELX1(33),0ELX2(15)
COMMON/CVARY /NHOT yNPUNCH ,NREAD,NPRES,NGRIC
COMMON/CIGNIT/ISTAGL,ISTAG2,JSTAG
COCMMON/CROWF/ROWF
COMMON /C ZMUK / ZMUK
CDMMON/CPARAM/VINJ;VINP(15).TP PPyTJyPJsPHIP,PHIJ
COMMON/CGLOB/ AGLOB{3),8GLOB(3),ACTEL3)
COMMON/CTIME/TMAX
COMMON/CENTHL /NENTHL 4NSTRM
DIVMENSION AQ(33,15/,14)
EQUIVALENCE (A(1l41¢11,AQ(1414110}
€ %ok ootk o ok e e ol e kAo ok o o o s ook R ok ok ol ke kol ok ot ke ol o ol oo ke e ok ook sk ok ok o ok ot o o ok ok e o ke ok ok ke ek ok
c

C
(G % Aok 2 e o o ol e e s o o ke ok ok ok e o ok e o o e ik s ok ok o s a ke ook o ol o o ol e o o ko o e ok ok e ol ol e ok ok s ook o ok ok e S K

DATA NHOT,NPUNCH NREADsNPRES ¢ NCRID¢ NENTHL yNSTRM /
1 1, 1, 5, Oy 1, 1, 1/

DATA ISTAG1,ISTAG2,J4STAG /
1 11, 25, 8/

DATA ROWF,ZMUK/
1 1.00, 0.012/
c ACTE IS ACTIVATION ENERGY IN CAL/MOLE
DATA (AGLOB(I)s1=1+3),{BGLOBUTY I=1,3),ACTE(I)sI=1s3}/
1 2.6y 1.3649y 3.95¢
2 2.0, 1ll1l.0, 10.0,
3 9,195€03, 30.0E03, 68.869E03/

c
DATA (VINP({J),J=14150¢ PHIP, VINJy, PHIJSy, TJo TP /
1 12%25.3924.61423.0690.0
2 0.625¢ -315.0y 0,625y 540.0y 1080.0/
c
DATA NMAXyNPRINyINDG,INDRQOyINDZMU,TMAX /
1 299, 150, 2y 2y 2+ 420.0/
c
DATA JN, 1IN, JCl,y JC2, 1IC /
1 15433, 3, 64 27 /
C
DATA RCREF,PREF,2ZMUREF, TREF,CPREF,T0/
1 0.076, 2116.0, 0.0111, 530.04 0.294, 536,67 /
€
DATA (RP(LLI,LLI=149)4(PRIL2}4L2=149)4{ZMR{L31,4L3=1,3}/
1 0.7591.09 0.2902¢5%1.,0¢9%1,0944,09,32.0, 28.02/
o
DATA (CPJ(L1),11=143),CCoDCyGCPM,GC,ZJC/
1 3%0.29, 0.0050, 1000.00, 1545.0y 32.2y 778.0 /
c .

DATA NWyNF¢NZMLyNZMCoyNZMHy NZMN ¢NZMF 4 NP ¢NVTLIE/
1 1, 2 3, b S, [.X] Ty 8, 9, &6/
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CATA STCHFPHFCO,HFCO02,y KFH20/ .

1 0.06409, ~1012.6y =1696.4sy =3844.1y -~5770.8 /

END

PROGRAM CPJET (INPUT,PUNCH,TAPEG6,QUTPUT}
COMMON/CVP/A(33,15,5),G1(33,15),G2(33, 15)1R0(33'15,'ZMU(33'15)
COMMON/CPARAM/VINI G VINP(151, TP oPPsTJP I PHRIP,L,PHIJ
COMYON/CX1X2/X1(33),X2115),DELX}(33},DELXZ(15)
COMMON/CMHAMEZATITLE(L2) ASYMBL(12) yANOME(E,10)
COMMON/CGRIDZIMINE33 )y IMAX(331,INy Ny INMy UJNM,TE
COMMON/CINDEX/INDE(9 Y s INCGoINDRG,y INDZMY
COMMON/CNUMBR/NW oNF y NZML ¢ NZMHo NZVMC s NZIMFoNZMNG NPy NVT
COMMON/CYLI/Z/JC1,JC2, ICyRADC1sRADC2,RADNy DCN, DN JJC 2, ICM,JC2M,JCLM
COMMCN/CRAD/R{15}
COMMON/CCONST/PRIQY, ZMW( 3) ,CPJ(3),GCPM,GC ,ZJC
COMMON/CREFER/ROREF, PREF4ZMUREF, TREF4CPRCFoTO
COMMON/CHEM/STL o STOXsHFP ¢HFCOsHFCO2 4 HFH20 +GLOB I3, 2EX(3)
COMMON/CNITER/NITER

COMMON/CVARY/NHOT s NPUNCHsNREADNPRESNGRIL

COMMON /CCHECK/RSDULI9) 4RP(9),CC+DC4NMAX 4 NPRIN
COMMNN/CGLOB/AGLOB(31,8BGLOB{3},ACTE(3)

DIMENSION AQ{(33,15,141}

EQUIVALENCE (A(1l+1,1),AQ(251,1)})

(€ 2% o e i ok ool o o o e ke s o e e s ol e o oo e ol ok e o ak e o ok e ook ok kool ok ko ok ik ok kR ok kokok kR ok ke ke

C
C

C***#tt*****#**t*#**#*****#***#t*#**#*tt**#***#***t***#*#t**t*t#***t***#

60

61
Chktk

62

CH**x

23

22
27

READ 101, ATITLE, ASYMBL, ANAME
IF (NHOT.EQ.0) GO TO 60
GO TO 61

IE=2

INDRO=1

HC=0.0

CONTINUE

COMPUTE KINETIC PARAMETERS
po 62 1=1,3
GLOB(I)=AGLOB(I¥*10,0*%BGLOBII)
ZEX(II=ACTE(I)*1.8/1.987
CONTINUE

INM=IN-1

JNM=IN-1

JJc2=Jcz+l

1CM=1C~-1

JC2M=4C2~-1

JC1M=JCl-1

SPECIFYING INDE=S

DO 8 L=1,1E

INDE(LY=1

IEl=1E+l

DO 9 L=IEl,9

INDE(L =9

IF  (NPRES.EQ.1) INDE(NP)=1
1F  (NHOT.NE.O) GO TO 22
D0 23 L=1,6

ANAME (L, 3)=ANAME(L,9)
ASYMBL(3 1=ASYMBL(9)

G0 Tn 29

NZ=1E+1

DO 27 L=1,6
ANAME({LsNZ)=ANAME(L,8)
ASYMBL (NZ)=ASYMBL( 8}
IFCINDE{NP).NE,1) GO TO 29



2
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G2{I+J)=0.
AD(l.J+14)=0.0
CONTINUE

Cxt%sREAD KNRFAD VALUES OF DEP VAR FRCM PREVIOUS SGLUTIONS

45
46

92

16

1

12=1E

IF (NREAD.EQ.O0} GO YO 12

1Z=RAEED

READ 100+ ((LA(TyJsRiy1= loIN)vJ leNIoK 1,12}
NITER=1}

CONT INUE

PP=PREF :
IF  (NHOT.EQ.0) TJ=Tp
PJ=PREF

VT=0.0"

1FCINDE(NVT).NE,1) GO TO 46
DO 45 J=1,JC1

ACIC, JyNVTI=VT R (J)

CCRTINUE

cALL INIT

CALL HEADCT

ITAB=IE+1

IF  (HHOT.EQ.0) ITAB=ITAB-1
ITAB=8

CALL SOLVCT (ITAB)
IFUINDE{NP) EQ,1) CALL PRESCT
IF (NHOT.EQ.0) GO TO 92

GO TQ 92

CCNT INUE

CALL PRINCT (ITAB)

1Z=1E

IF  (NPUNCH.EQ.0) GO TO 16
PUNCH 100, (({A{T+4JsKIoI=Lo INIspJ=1,UNIsK=1,1Z)
CONTINUE

IF(NITER.GE.NMAX) STOP

1TAB=T

CALL TABUCT (ITAB)

CALL PLOTCT (ITAB)

CONT INUE

C CALCULATE MOLE FRACTIONS

c

SET NEOT =0 TO PREVENT T CALC IN PRINCT
NHCT=0
AFUI=A(1,1,NZML)
203 DO 200 J=1,JN
204 IL=IMIN(J)
205 IH=IMAX(J)
206 DO 200 I=IL.1IH
207 AFU=A{14JyNZML)
208 AFC=A(I,JyNZMC)
209 AH=A{I,J,NZMH)
ACO=1.9059%{ AFUL-AFU)~-0.636%AFC
AH20=1.634*{AFUI-AFU)+0.00151
FOX=AFUI/(PHIPASTOX)~0.888*%( AH20-0.001511~0.5712%AC0-0.727%AFC
214 FN2=1,0-FOX~-AFU-ACQO-AH20-AFC
215 TEMP=TO+ (AH-AFU¥HFP-ACO*HFCO-AFC*HFCO2-AH Z0*HFH20)} /CPREF
216 ZMEAN=1.0/7(AFU/ZMW{L ) +FOX/ IMW{2) +FN2/ZMW(2)+AC0/28.011+AH20/18.016
14#AFC/44.011)
Al{TeJy1)=AC1,J,NZML)*ZMEAN/44. 09
A(TeJe2)=A (19 JyNZMCI®ZIMEAN/44.01)
All,J,3)=AH20*%ZMEAN/18.016
AlT,J,4)=ACO*ZMEAN/28,011
AlT+JeS)1=FOX*¥ZMEAN/32.0
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N7=]E+2
DO 28 L=1+6
28 BNAMC{L ¢ NZI=ANANEIL,9)
ASYMBL(NZI=£LSYHBLLY)
29 CONTINUE
IFIMGRIR.EQ. 1) GO YO 21
DO 999 I=1,1IN
999 X1{1}=C.C5*%FLOATLI-1}
DO 995 J=14JN
998 X2(JV1=0.025%FLOAT(J~1)
GO 10 24
21 FCT=1.37
X2(11=0.0
X2(2)1=0.016/12,
X2(3)=0.032/12.
D0 900 J=4,JIN
IF (J.GE.T) FCT=1.195
900 X2(J1=X2{J-1}+UX2(3~1L)-X2(J-2) I%FCT
FCT=1.0
X1(11=0.0
X1(21=0.500/12.
DO 910 1=3,IN
IF (1.GE.6) FCT=1./1.36
IF (I.CE.9) FCT=1,0
IF (1.GE.28) FCT=1,33
IfF (1.GE.31} FCT=1,00
910 X1CD)=XL(I-10+(X2(I-1)-X1{1-2) }*FCT
24 DD 3 I=2,INM

3 DELX1(11=0.5%(X1{1+1)-X1(1-1)})
DD 4 J=2,+JNM .
4 DELX2(J}=0.5%(X2(J#1)-X2(J-11}

DO 5 J=1,JIN
IFCINDG.EQ.11 R{JI=1.0
IFLINDG.EQ.2) R{J}=X2(J}
5 CONT INUE
IF(INDG.NE+1) GO TO 6
€ FOR PLANE FLOWS PUT THE CHAMBER RADIT EQUAL UNITY
RADC1=1,0
RADC2=1.0
RADN=1.0
GO TO 7
Ct**% SPECIFYING CHAMBER DIMENSIONS
6 RADC1=X2(JC1)
RACC2=X2(JC2)
RADN=X2 ( JN)
7 DCN=X1(IC)
DN=X1(IN)
Cr*xx SPECIFYING IMIN:S AND IMAX%#S
DO 30 L=1,JN
30 IMIN(L)=1
DO 32 L=1,JC2M
32 IMAX(L)=1IC
DO 33 L=JC2,JN
Craxs SETTING INITIAL VALUES
33 IMAX (L b= IN
DO 2 J=1,IN
DO 2 I=1,IN
00 13 K=1,IE
A{I,Jd,K)=—1.0E-T8
13 CONTINUE
ALy J4NF)=-5,0E-03
GL(I4J)=0.



200

100
101
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AlT¢Je6)=A(1 s JyNZIMN)*ZNEAN/30,0

AlTIsJ,TI=TEMP/ 1.8

CONTINUE

CALL PRINCT(B)

FORMATY (5({El6.9)1}

FORMAT(12A60

SToP

END .

SUBROUTINE INIT
COMMON/CPARAM/VINJZVINP(LS ), TP4yPPsTIPUyPEIPLPHIJ
COMMON/CVP/AL33,1559)46GL(33,158¢G2(33,15)+RO1332,15),2%U(33,15}
COMMON/CNUMBR/NWINF ¢ NTML ¢ NZHHo NZFC o NIMF o NZMNG NP NVT
COMMON/CGRID/IMIN(33 0y IMAX(33)4INe INeINMy UNM,LTE
COMMON/CHEM/STC o STOXy14FP 4HFCOy HFCO2,HFH2C,GLOB L3}, ZEXT3)
COMMON7CYLE/JC1yJC24]1C+RADC1+RADC2yRADN,OCNDN4JJC2,1CM, JC2M,JCIM
COMMON/CCONST/PRI9)s ZMW(3),CPU(3),GCPM,GC,2JC
COMMON/CRECER/ROREF PREF +ZMUREF, TREF,CPRFF,TO
COMMON/CIGNIT/ISTAGLISTAG2,JSTAG

COMMON/CVARY/NHOT NPUNCHNREADJNPRZS,NGRIC
COMMON/CRAD/RI15)

COMMON/CINDEX/INDE(S), INDG,INDRO,INDZMU

(C ¥ e e e o e ke e 3K s ae oy o ol o ok o e o ot o o o e sk ol o ek ook o sk ol 3k ok sk ol o ok ok e o ol ok 3 ok o ok ade ok ok o ok o v ke o o ok afe ook K e
C CALCULATES DENSITY, ENTHALPY, FUEL MASS FRACTION, AND MIXTURE FRACTICN
C MASS FLOW PATE AT INLET PLANE OF APPROACH AND JET

(C 2k o ok ek o ol s o e e o o o ook ke e sk e e oot ik ale sz ol e Aol e ok o R skosk e o o o ol koK O sk RO o ok kol ke ok ok i sk e

AFUSTC=STC/(1.+STC)
FIPSTC=AFUSTC/1(28.366/({0.T9%28.016))1%STC)
FOXSTC=1.0-AFUSTC-FIPSTC
STOX=AFUSTC/FOXSTC

C FUEL MASS FRACTION AlI.JyNZML)

c
c
4
8
2
3
75
14
22
c

XX=PHIP%STC
AFUP=XX/ (144 XX)
FN2=5,0%3,77%28,016/PHIP
FN2P=FN2/(44.094+5.0%32,0/PHIP+FN2+5.0*%0,C12%18.,016/PHIP)}
XX=PHI J%STC
AFUJI=XX/ (1. ¢XX}
FN2=5,0%3,77%28.016/PHIJ
FN2J=FN2/144,094+5.0%¥32,0/PHIJ+FN2+45,0%0.,012%18.,016/PH1 J)
00 4 J=1,IN
A(1l,JeNZML)=AFUP

DN 8 J=1,4C1

ACICy JyNZML)=AFUJ
IF{NREAD.GE.3) GO TO 22
DO 2 J=1,JN

IT1sIMINCJ Y

112=IMAX ()

Do 2 I=111,112

AlI,JyNZML }=AFUP

DO 3 J=1,J4C1

ACTIC s JyNZML )= AFUJ

IfF (NHOT.EQ.0) GO 7O 22
DD 14 J=21,JSTAG

DO 14 I=)STAG1,ISTAG2
AlToJyNZHLI=1.0E-O7
CONTINUE

C DENSITY RO(I,J)

c

HUMID=0.,00151
FH20=HUMID
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FOXP=1.0-AFUP-FMN2P-FH20 -
IMEAN=L, OI(ATUP/ZWH(I'+FCXP/ZHH(Z’*FNZP/ZFN(3'fFH20/18 016[
ROLLs 1 I=(PPHIMEAN) /L TPRGCP M}
DO S5 J=1lyJH
TIl=IMINED)
112=1MAX{J)
DO S I=1I14112
5 RO(I«J)=RO(L,s11
FOXJ=1.0-AFUS-FN2S~FH20"
2MEAN=1, 0/(AFUJ/ZMH(1)+FOXJ/ZMN(2D+FN2J/ZWW|3)*FHZU/18 016)
RO(IC!I"(PJ*ZHEAN'/(TJ*GCPM’ :
DO 7 Jd=1,JCl
RO(IC, JI=RO(IC,1)
If (NHOT.EQ.O0) GO 71O 21

C02 MASS FRACTION All,94NZNC)

OO0 -

IF(NREAD.GE.4) GO TO 23
00 31 J=1,JN :
I11=IMIN(J}
112=TMAX(J)
DD 31 I=111,112
31 A(1,JyNZMCI=0.0
00 43 J=1,JSTAG
DO 43 I=1STAGL,ISTAG2
43 Al1,J4NZMCI=0.115
23 CONTINUE
70 CONTINUE

€
C ENTHALPY AlT,J9NZNHY
Cc
D0 50 J=1,JN
50 A{1 ¢ JyNZMH)=CPREF*(TP-TO )+ AFUP*HFP +F+20%HFH20
00 51 J=1,J4C1
51 A(IC,JyNZMH)=CPREF*(TJ-TO) +tAFUJ*FFP+FH20*HFH20
IF(NREAD.GE.S5} GO TO 24
AlLly Lo NZMH)}=CPREF:(TP=TO)+AFUP*HFP +FH2C*HFH20O
DO 9 J=1,JIN
I11=IMIN(J)
112=IMAX (I}
0Q 9 I=111,I12
9 A(loJeNZMHI=A{1,1,NZMH)
ACICs LoNZMHI=CPREFX( TJI~-TO) +tAFUJIRHF P+FH2O*HFH20
DD 11 J=1,JC1
11 A{TIC»JoNZMHI=ALIC 41 yNZMH)
24 CONTINUE ) .
€ NO MASS FRACTION A(I,JoNZMN}
IF{NREAD.GE.6} GO TO 25
DO 32 J=1,JN
1I11=IMINCJ)
I12=IMAXTJ)
DO 32 1=111,112
32 A{I,J¢NIMN}=0,0
25 CONTINUE

MASS VELOCITY G1(I,J}

[ X3 Xz NeXygl

1 CONTINUE
IF(NREAD.GE.5) CALL DENSCY
DD 17 J=1,JN

17 GL{1,J)=RO(1,JI*VINP(J)



19
C
c

30
C

-197- .

DN 19 J=1,JC1M .
GLUIC,JI=E0UIC,JIavINg
IFINREADLGEL2Y) RETURN

€ INLET VORTICITY

Ji=J+1

DO 30 J=JJsJNM

Alle e AN IZ2~ADF L1l 4Jy2,158/R(J)

IF CABSCA(T+JoNWIF LT 1,0} A(IsJeNW}=0.0C

€ SWIRL VELOCITY A(I,J,NVT)

c

RE TURN

END

SUBROUTINE HEAOCT
COMMON/CINDEX/INDEL9) o INDG . TRDRO s INDZMU
COMMON/CCHECK/RSDU(91,RP (91.CC,OCNMAX,NPRIN
COMMON/CREFER/ROREF, PREFy ZMUREF, TREF,CPREF,TO
COMMON/CGRID/ZIMINIZ3) , IMAX(33) 4 LNy INJINM, INM,IE
COMMON/CCONST/PR(9 14 ZMWI3),CPJ(3),GCPM,GC 42JC
COMMON/CNAME/ATITLE(L2), ASYMBL(12),ANAME(E,10)
COMMON/CNUMBR/NW NF ¢ NZML s NZMH ¢ NZMC ¢ NZTMF ¢ NZFN o NPy NVT
COMMON/CYLT/JC1yJC2+IC,RADCLRADC2+RADNDCNyDNoJJIC2,1CM,JC2M,ySCIM
COMMON/CHEM/STCySTOX yHFP,HFCO, FFCO2,HFH20,GLDB (3, ZEX (3}
COMMON/CX1X2/X1¢33) +X2(15) ,DELXL(33),DELX2(15)
COMMDN/CPARAM/VINJSVINP(15), TP 4PP+sTJyPJPEIP4PHIY

Chrkrkkiokkdkghmbkkkkkkikdok sk bk kddkkrkkbsdok bk hkkkk kbR kR ek Tk kR kk

#+HEADING## SUBROUTINE
THIS SUBR. -PRINTS QUT SOME OF THE INFORMATICN FED IN
€ ke sk ool o o ok o o ke ok R s ok Ak ok ok s bk Aok ok ok ok ok R OOR ok R Rk R kR KK K

c
c

20
21

50

10

PRINT 101, ATITLE

IFCINDG.EQ.2) GO TO.3

PRINT 401

GO TO 4

PRINT 402 .

IFUINDZMU.EQ.2} GO TO 5

PRINT 105

GO T9 &

PRINT 106

IFCINDRO.EQ.2) GO TO 7

PRINT 107

GO 7O 8

PRINT 108

PRINT 109

00 10 Kk=1,IE : -
IFUINDE(K) .EQ.1) PRINT 110, (ANAME(L, K},L=1¢ 6)
PRINT 111y JUNy IN, (J,IMINC(J), IMAX(J), J. = 1, UN}
PRINT 201,y JC1+JC2,IC+RADCL1yRADCZLsRADNSDCA,DN .
00 20 I=1,IN

X1{I)=x1(1)*12,

DO 21 J=1,JN

X2¢(31=X2(J)1*12,

PRINT 202y (141 = 1, 11}

PRINT 203y (X1(I)y I = 1, 11 )

PRINT 204, (X2(J)y J = 1, 11)

IF (IN.GT.21) GO TO 50

PRINT 205, (1I,1I=12,21)

PRINT 203, (X1(I), I=12,21)

GO TO 51

PRINT 205, (I, I = 12, 22)

PRINT 203, (X1(Idy I=12,22)
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51 IF (UN.GT.11d PRINT 204, (X2(J)y J = 12, JN}
’ IF (IN,GT.22)} PRINY 205, (1,1=23,IN)
IF (IN,GT.22) PRINT 203, (X1{I)}y I=23,IN}
DO 22 I1=1,IN
22 X1(Ti=Xx1(1)/12.
DO 23 J=1.JN
23 X2{J1=x204)/12.
PRINT 112+ (VINP(J),J=1yJIN) o o
PRINT 113, VINJ, TPy PP,y TJy PJSs ROREFs PREF,
1 ZMUREF, TREFs CPREFs GC, ZJC
PRINT 301¢STC,STOX
IF (INDE(NZMH) EQ.1) PRINT 114, CPJI(1)
IM=NZMH-NZML+]
IF (INDE(NZML) LEQ.1) PRINT 115, IM, ZMW, CPJ, (PR(L!,L=NZHL' NZMH)
PRINT I16, CCe DC, NMAX )
PRINT 230,GLOB(L),ZEX(1),GLOB(2},2EX(2)

230 FDRMAT(1HO///+2X ¢*KINETIC REACTICN RATES CONSICERED ARE*y/ 42X, %=~
lowmmrm o cmmme—m e %, /4 10Xy ¥RCBHEB=¥ yE14.8943H MC3HB%%]1,0%
2"02**0.5*MH20#*0.S*RO**Z.O/EXP('F9.3'*/T) LB/FT 3 SEC*.//.*%RC0O2=%,
3EL14.8941H MCO%%]1 ,0%M02*%0, 5¥MH20%%0,5%RO*#%2.,0/EXP(yFI,3,%/T) LB/FT

4 3 SEC*)
101  FORMAT(1H1,35X,43HFINITE-DIFFERENCE ITERATION SOLUTICN FOR/
236X, 43H-~—— - )

320Xy 1226}
105 FORMAT (1HOS50X+15HFOR LAMINAR AND})
106 FORMAT{1HO50Xs 1THFOR TURBULENT AND)
107 FORMAT(1HO 50Xy 20HINCOMPRESSIBLE FLOW )
108 FORMAT {1HO50X » 24 HNON-UNIFORM-DENSITY FLOW )
109 FORMAT(1HO//46H THE DEPENDENT VARIABLES BEING CDNSIDERED AREy/

246H ~~- ————— e = )

11¢ FORMAT (LHO40X,6A6)
i11 FORMAT (1HO24HTHE GEOMETRICAL DATA ARE/

225H == —mmmmmmm—e— —mem o /
341 Xy 44HIN, THE NUMBER OF ROWS (DIRECTION-2) =,13/
441Xy 44HIN, THE NUMBER OF COLUMNS (DIRECTION-1) =,13//

441Xy 1HI» 11X 4HIMING 10Xy 4HIMAX/ /70 1H 39X,3(12,11X}))
112 FORMAT(22H1THE PHYSICAL DATA ARE/

222H === ~=——=mm me—e e
210X, 50HVINP, INLET VEL. OF THE PRIMARY STREAM, FT/SEC=,15F5.1)
113 FORMAT ( . ) ’
210Xy S0HVINJ, INLET VEL. OF THE JET STREZM, FT/SEC=,F10.2//
210Xe SOHTP{R}, PP{PSF), APPRDACKF INLET T AND Psrececoceree=92F10.2//
ZIOXOSOHTJ(R.' PJ(pSF.' JET !NLET T AND p.‘...--.o.cono'o='2F10u2//
310Xy SOHRCREF, REFERENCE DENSITY FOR THE FLUIDcceooesoas=yFl0.4/
410Xy, 50HPREF, REFERENCE PRESSURE FOR THE FLUIDeosessosoe=eF10.4/
510Xy 50HZMUREF, REFERENCE VISCOSITY FOR THE FLUIDeswssess=eFl0.8/
610Xy 50HTREF, REFERENCE TEMPRATURE FOR THE FLUIDeoosoes=eFl0.4/
TLOX,S0HCPREF, REFERENCE SPECIFIC-HEAT FOR THE FLUIDeewe=¢Fl0.4/

610X'50HGC1 GRAVITATIONAL CONoSTANT e eececavscesosenceae=ysFlOa4/
710X, 50HZ4C, JOULE2S MECH.EQUIVALE™Y'T FOR HEAT.sesesses=9Fl0,4/)
114 FORMAT(1H 9X,S5O0HREFERENCE SP.HEAT FOR FIRST MASS COMPONENTeecssee
I1=,F10.,4)
115 FORMAT(1H 9X, 50HIM, NUMBER OF MASS SPECIES BEING CONSIDERED..
1=,16/

210X+50HZMR2S MOLECULAR WEIGHTS OF SPECIES 19243 cavees=93F10.4/
310Xy 50HCPJ2S REFERENCE SP.HEATS FOR SPECIES 141243 eees=¢3F1D.4/

410Xy 50HPRES TURB,SCHMIDT NUMBERS FOR SPECIES 14243 «.=y3F10.41}
116 FORMAT(1HO///724H OTHER DATA SUPPLIED ARE/

224H —w—e= cmom mo—m—e—e =/

310X, S0HCCy THE CONVERGENCY CRITER!GN........-.-...-.—.FIB 1/

410Xs SOHDC, THE DIVERGENCY CRITEKIONessssovosessases=92F13.7/

510X 5S0HNMAX, THE MAXIMUM NUMBER OF ITERATIONScsescesse=y16}
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FORMAT(1HO,20X,22H JCL4JC2,1IC = ¢201391Hy ) o 12HRESPECTIVELY
1 /1H0, 20, 28H RADCL,RADCZ,RACN = 43(F6.3¢1Hy)145Xy
2 L6HFT, RESPECTIVELY/
3 LHO,20X 1514 DCKyDN = o2(F €391 He} 45X,
4 16HFTy RESPECTIVELY/)

FORMAT(1HL+10X,10H T OR J +5Xe10213Xe1242X})

FORMAT(IH ,10X,10H X1(I) 95Xe11(F8.4))

FORMAT(LH 410X,10H X2(J}) ¢5Xy 11(FB.4))

FCRIMAT(1HO,10X,10H I OR J +5Xe1103X,12,2X))

FORMAT(10X,
1 SOHSTC, {STC LB OF FUEL REACTS WITE 1 LB OF AIR)+=4F10.4/10X,
2 S50HSTOX, (STOX LB OF FUEL REACTS WITH 1 LB CF OX)y=yF10.4)
FORMATCLHOSGX, 24HIN CARTESIAN COOPDINATES)
FORMAT(1HOS50X¢ 26 HIN CYLINDRICAL COORDINATES)

RE TURN

END

SUBRODUTINE SOLVCT (ITABY
COMMON/CVP/A(33,15,9)+61(33,15),62(33,15) yR0(33.15},ZMU(33,15)
COMMON/C INDEX/ INDE(9 ),y INCGy INDRC, INDZMU
COMMON/CCHECK /RSDU(9) 4RP (91,CCHDCyNMAX,NPRIN
COMMION/CGRID/IMIN(33), IMAX(33)oINgIN,INM, INM,IE
COMMDON/CNAME/ATITLE(12) 4 ASYMBL(12) ANAME(€+10)

COMMON/CNUMBR /NW NFoNZMLyNIMHy NZFC o NZMF ¢ NZPN o NPy NVT
COMMON/CNITER/NITER '
COMMON/CPARAM/VINI o VINP(15 V9 TP+PPyTI¢PJ+PHIP,PHIJ
COMMON/CDI/DIFMAX(9),IPTI9},JPT(9) IPTR{F),JPTR(9)
COMMON/CKVORT /XVORT
COMMON/CYLI/JC14JC2,ICoyRADCL+RADCZ24RADNoyDCNyDNyJJC29 ICM,IC2M,JCIM
COMMON/CTIME/TMAX

COMMON/CVARY/NHOT,NPUNCHNREADJNPRES

COMMON/CIGNIT/ISTAGL +ISTAG2,JSTAG

COMMON/CENTHL /NENTHL ¢NSTRM

€% e sk o e e ol o ok e o o ol ol e o ok o ok ol e ake e e sl ok s e ol ok e e e ok e o o e ool ol o ke ook e ke sk ke ke e ek e o e ok o ko

c
c

#+SOLVE#2+ SUBROUTINE
THIS SUBR, COMTROLS THE ITERATION PROCEDURE

€ sk e ol ol ok e ok e s ode ks ke o o e olaie ok ok ok ok sk o ook sl ke ook o ok sk ok el 2 ok ol ol ol ok ok ok ke ook o ok ok ok Kk

10

PRINT 101
D0 10 K=1,1E
IFCINDE(K).EQ.1} PRINT 102y K¢ (ANAME(L,Kiyt = 1, 6)
PRINT 103, [(ASYMBLI[K) K=1l, IE}
NITER=1
NNN=NPRIN
KVORT=0
CALL BOUNCT (NW)
CALL MVELCT(NF)
IF(INITER.EQ. {NMAX—9) ) ¢ AND. INHOT ,EQs1}) NENTHL=1
IF ((NITERLEQ. {NMAX=1}1  AND(NHOT.EQ.1}} NSTRM=1
IF((INDZMUL.EQ.L) .ANDL(NITERLEQaL1?) CALL VISCCT
IF{INOZMUL.EQ. 21 CALL VISCCT
IF(INDRO.EQ.2) CALL DENSCT
CALL MVBCCT
D0 2 K=1,1E
DIFMAX(K }=0.
RSDU(K) =0,
IF{TE.EQs6+AND.K.LT.6) GO TO 2
IPTR(K)=1
JPTR(K)=1 )
IF({MSTRM.EQ.2).AND.(K.EQ.2)) GO TO 2
TFUINENTHL .EQa2) s AND. (K. EQ.NZMH) ) GO TO 2
DIFMAX(K 1=Q,
RSCU(KI=0.
IFUINDE(K).EQ.1) CALL FOEQCT(K,INDG)
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34

300
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100
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106
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CONTINUE

PRINT 104, NITER, (RSDU(K},IPTR(K)JPTRIK ) K=1,1E}
IFIIE.EQ.6}) GO TO 300 '

GO TO 34

TF({NENTHL .GE.2) +0OR.(NHOT.EQ.0)) GO TO 30

IF  (ABS(RSDUINZMH)).GT,.005) GC TO 30

NENTHL=2

PRINT 61

FORMATIS X, *ENTHALPY HAS MET CONVERGENCE CRITERIA*}
CONTINUE '

IFC(NSTRM.GE.2}.CR. (NHOT.EQ.0)) CO TO 34

IF  (ABS{RSDU{NF}}),GT..005) GO TO 34

NSTRM=2

PRINT 62

FORMATES X, *STREAM FUNCTION HAS MET CCNVERG CRITERIA®)
CCNTINUE

IPTRR=IPTR(NW)

JPTRR=JPTR(NW})

PRINT 109, A(IPTRRyJPTRR,NW}

RES=RSDU(6)

IF(NITER.GT.NMAX} GO TO 5

IFANITER-NNN164+T7

NNN=NNN+NPRIN

CONT INUE

KVORT=1

CALL BOUNCTINWI

IFCINDE(NP).EQ.1) CALL PRESCY

CALL PRINCT (ITAB}

PRINT 103, (ASYMBL(K), K=1, IE}

CONT INUE

" CHxx4PRINT RESULTS OF FIRST ITERATION-IE VARIABLES

IN=8

NITER=NITER+1
IF((ABS(RES).GT.CCI.OR.(NITER.LE.2)) GO TO 1
IF  (NHDOT.EQ.O0} GO TO 33

GO TO 33

IF ((NENTHL.EQ.2).0R.{(NSTRM.EQ.2)) GO YO 32

IF ((ABSIRSDUINIMH)) 6T+ 005),CR.IABS{RSCLINF})I.GCTH-.005)) GO TO 1
CONTINUE

KVORT=1

CALL BOUNCT{NW)

RETURN

NENTHL=1

NSTRM=1

PRINT 121, NITER

NI TER=NMAX-25

NNN=(NITER/NPRIN}*NPRIN + NPRIN

GO 7O 1

PRINT 106y NITER

KVORT=1

CALL BCUNCT (Nw)

FORMAT (8(E10.311}

FORMAT(1H1//710X,45SHTHE FOLLOWING ARE MAXIMUM RESIDUES IN THE FIE,
141HLD CF INTEGRATION AT EACH ITERATION FORee/7)
FCRMAT(1H 40X,J243H, +6A5)

" FORMAT (l1H1,30Xy35H, ,NOTE.. PREFIX #R¥ DENOTES RESIDUE//

111710000 o NOTE s 00 e s LEFT-HAND-COLUMNS FGR FRACTIONAL DIFFERENCFS, RI.
1GHT-HAND-COLUMNS FOR CORRESPONDING ABSCLUTE DIFFERENCES///

26X SHNITERy 3{7Xy 1HRy AG)/ /)

FOPMAT(IH ,6X,13,6{(1PET2.3,2131))

FORMAT (32HOTHE PROCESS DID NOT CCNVELGE INyIS,13H ITERATIONS?
FORMAT  (46X,4(1PE12.3+213))
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108 FORMAT (32HOTHE PROCESS DID NOT CONVERGE INysF8,.3,9H SECONLS)
109 FORMAT(1H+,105X, 1{1PE12.3)})
121 FORMAT (35HOVORY, STRM, FUMF HAVE CCNVERCED IN,15,
1 132H ITERATIONS) ’ . o
RETURN
END
SUBROUTINE FDEQCT(K, INDGH
COMHQNICVP/A(33115.9);61(33v151'52(33o15loRO(33v15)’ZPU(33115’
COMMDN/CCOEF/CEyCHoCNy CS4C(5)
COMMNIN/CCHECK/RSDULS Y ,,RP(9),CC, DC'hHAX'NPFIN
COMMON/CGRIG/ZIMINI33 ), IMAXI33) s INeJININM, JNM,TE
COMMON/CNUMBR/KNK ¢ NF g NZML yNZMHy NZMC  NZMF o NZMNs NPy NVT
COMMON/CDI/DIFMAXII) yIPT(G),,dPT(I) ,IPTR(T),JPTR(Q}
COMMNON/CYLTIZJCL,JC2,y IC, RADC1'RADCZ'RADN'DCN,DN'JJCZ'ICM'JCZMIJCIM
COMMONFCX1X2/X1(33),%X2(15),0ELX1(33}),DELX2(15}
COMMON/CZHW/ZM4IL »1IH
COMMON/CRAD/R (15}
COMMON/CPARAM/VINJZVINP{1S5),TP, PP.TJ,PJ.PFIP.PHIJ
WCIH(WK,DELF ,ROP,DELRO,RAD]} = —DELF/(324.*DXZ*CXZ*(NK*DXZfRAD,*
1 (ROPH*(WK*¥DX2/ 3T+ +RAD/ 193 . ) 4+DELRO* (WK ¥DX2/55. +RAD/3T. )} )
WC2HIWKROPyDELRO,RADI == (RAD+HWK®DX2 )} *
2 (ROP*(RAD 76, +WK*DX2/8,)
3 4DELRDO*(RAD/B.+WK*DX2/104. 1))
4 L IRADXLROP* (RAD/3 . +5 4 *¥WK%DX2/ 24, )
5 fCELRO*(5.*RAD/24.03.*HK*DXZ/ZO}’”
WCIV(DELF,ROP,DELROyETA2 )=~DELF/ {ULETA2¥DX1)%%2)*
1 (ROP/3 .45, *LELRD/24.))
HCZV(RDPvOELRO’=—(ROP/6-*QELRO/8o’](ROP/3-#5-*DELRO/24-’
C %k kak & ok *#**********t#**************#****#**##**?***#***‘**#****‘*******
C ##FINITE-DIFFERENCE-EQUATICN## SUBROUTINE
e ek o e sk e e o e 3 ke o afe sk ke o o e ok sk ke sk o ok ok o e i e o ok ook e ok 2k A ko ok ok ol e sk ok ke e ok e sk ok ookl ok e ek ok e ek
IPTRIK})=2
JPTR(K)=2
IPTIK)I=2
JPT(K) =2
DD 10 J=2,JNM
IL=IMIN(J)+]1
IH=IMAX{ =)
IF(J.EQ.JC2)IH=IC~1
DO 10 I=IL,IH ’
JRFIUK EONUWI AND s (1JLEQeJCL1Y JANDTILEQ.(IC~1)3)) GD TO 100
GO To 110
100 CALL CCEFCT (1,J.NF,INDG}
YY=A(1 ¢J ¢NFIE({CE+CHECN+CS)
YY=YY={CE*A( I+, JoNF)+CW*A(T =13 J4sNF)+CN* A (]I s S+ 1,NF)
1 +CS*A(1,J-1,NF))
Z=A(T s JeNWY
AlTpJeNH I=YY/RJ)
GO TO 222
110 CONTINUE
CALL SCRCCT{I+J+KsSOURCE2Q)
CALL CCEFCT(I,JsKoINDG) ) )
IF(K.NE.NW} GD TO 999 o
Cxax (XNCORPCRATING B.C. FOR VURTICI1Y IN THE FINITE DIFF. FQRHULAT!DN
Ce*x UP Y0 STATEMENT NUMBER 9969 . . . ’
’ IN=0,
IWMU=0 .0
IF((T.EQ.IH) JAND.((J.GE. JCl'oAkD-(J-LE-JClel GO TOo 600
. ..GD TN 700 . ’
>S01 LJUNS=J+l
WKNS=FLOAT(1-INDG}
RADNS=RADN
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CANS=CHN
GO TO 666
502 LJINS=y-1
WKKS=FLOAT(TNDG-1)
RADNS=RADC2
CONS=CS
GO 10 666
600 LIEW=1+}
CQEwW=CE
GO 70 555
700 IF(J.EQ.JNM) GO TO 501
IF((JEQ.(JC2+41 1) ,ANDL(I.GE.IC)) GO TO 5G2
GO TQ 999
555 DX1=ABS(X1(LIEW}-X1(I))
ACLIEW Uy NWI=WCIV(A(T s Jo NFI-A(LIEW,JyNF)yRO(LIEW,J)»
1 RO(TI»JI-ROILIEW,J},y REJ})
IW=COEW*WC 2V(RO(LIEW,J )y RO(T 4 JI-RO(LIER,J )}
ZWMU=ZWMU+ ZW=ZMU (LIEW, J)
GO TO 999
666 DX2=ABS{X2{LINS)I~X2(I))
ACT s LINSgNR)=WCLIH(WKNS y A(I+JoNFI-A(ToLINSNF),RO(I,LINS),
1 RO(I +J)-RO(I,LINS)sRADNSY
IW=0.0
ZWMU=ZWMU+ZWEZMU (T4 LINSH
Cxxx END VORTICITY B,C, SPECIAL FCRNULATICN
999 CCNT INUE
IF(K.NE.NFI) GO TO 1
IF ((JeEQeJC1) JAND(I.EQe(IC-1)).AND.(VINJ.NE.O0.0)) GO TO 223

GO To 1

223 AlT 43, NF)}=ALIC,JC1NF)
GO0 TO 10

1 CONT INUE

CALL CONVECI{I.JsKsAU,ZU}
IF(KEQ.NW) AU=AU*R{J)I*R(J)
IF(K.EQ.NW! ZU=ZU*R(JI*R{J)}
ANUM=CE*C(2) *A(T1+1sJ K1 +CWXC {4 1%A(T-1,4JyK)
1 +CN*C(3) %A (1 ,J+1,KI+CS2C{S)*ALT 4 J-1,K)+AU+SOURCE
ADNM= (CE+CW+CN+CSI*C(1)+2U+2Q
IF{K.EQ.NW} ADNM=ADNM-ZWMU
IF{(ADNM.EQ.0.0) .OR. (ANUM,EQ.0.0}) GO TO 10
4 Z=A(I+JyK)
AT, J,K}=ANUM/ADNM
IF(ABS(A(T,JyNZML) ) LE-1.0E-210) A(L,J.,NZNML)=1,.0E-210
IF  (ABSTA(I4JyNF1).GTe2.0E-02) All,J¢NF)==3,0E-03
222 CONTINUE
DIF=A(I,JyK)=-2Z
Al1;JeK)=2#RPIK}I®DIF
AB=0,25%(ABS(A(I+1,JsKII+ABS(A(I-14JsKII+ABS(A(T +J+1¢K)}
1 +ABS(A(I,J-~1,K)}}
RS=DIF/A(I14J4K)
RSM=DIF/AB
IF{ABS(RSM).LT.ABS(RS)) RS=RSM
IF(ABS (RS} .GT.ABS{RSDU(K})) CO TO 55
GO TO 54
55 RSDU(K)=RS
IPTR(K)=1
JPTRIKI=J
56 CONT INUE
IF(ABS(DIF).GT.ABS(DIFMAX(KII) GO TO S2
GO TO 10
52 DIFMAX(K)=DIF
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IPT{K)=T
JPT(KY =)

10 CONT INUE
CALL HCUNCT(K)
RE TURN
END
SUSROUTINE SORCCTUI,J9KySOURCE,ZC) :
COMMON/CNITER /NI TER :
COMMON/CPARAM/VINIyVINPUIS 1, TP4PPyTJyPJoPHIP,PHIY
COMMON/CVP/A(33415491,61(33,151,G2(33,151,R0(33,15),2MU(33,15}
COMMON /CNUMBR/NW JNF yNZML o N7 MHo RZVC 4 NZMF o NZVN NP NVT
COMMON/CX1X2/X1¢33),X2(15),DELX1{33),DELXZ(15)
COMMON/CRAD/RILS)
COMMON/CCONST/PRI9) 4 ZMH(2) yCPI(3) 4 GCPM,GC 42JC
COMMON/CHEY/STC,STOX ¢ HFP yHFCOy KFCO24 HFH20 yGLOB (314 ZEX( 3)
COMMON/C INDE X/ INDE (91 INCG I NGRO, INDZMU
COMMON/CREFER/ROREF,PREF 4 ZMUREF TREF 4CPREF+TO

€ % e o ool e oo o e ok o e o oo 2 e e ol ofe ol i e s e e ol e o e itk ko e ok ofc e ok e A ok o ok v ok ool e ok e ofe gk ok o o ok ke o e ok ke o sl o ok e ok

C  ##SOURCE#*# - TERMS SUBROUTINE

C  SOURCE TERMS IN FINITE DIFFERENCE FORM

C % ol e ol o s ol o e ke 3 sk 72 Sl ot ok o o e ok o ok e e e e ke ol ol e ol o o ol ok e e e s ok e ol ok o e o ol o o ade ke e ok e o o ok e ok e ok o ke ok
GD TO (1'2'5'5,3'5’513'4"K

Ce#xex  FOR VORTICITY

1 SOURCE=0.
DEN=16 .0 *DEL X1 (I J*¥DELX2(J) /{RUI)¥%2)
S1=RO(I+J+1)+RO(I, J)
S1=S1#IVS2(T1+1,J1-VS2{I~1,J) +VS2(1+1,J+1)-VS2(I-1,4d41))
S2=P0(I,J-1)+RO(I4J)
52=5S2%(VS2(I-14J1-VS2(I+1,J)¢VS2(I-1,J~1)-VS2(I¢1,d=11)1
$3=RO(I+1,J) +RO(T,J)}
$3=83%(VS2(14J=11=-VS2(I,J+1)+VS2(1+41,J~1)-VS2{1+1,J+1)}
S4=RO(I=1yJI+RCUI )
S64=S4*{VS2(T,J+11=VS2(1 =10 4VS2(I-1,J+1)-VS2(I-1,Jd-1))
SOURCE=SOURCE+(S1+52+53+54)/DEN
TFCIMDE(NVT) .EQ.1) SOURCE=SOURCE#(RO(I41s JI*IALT 4Ly NVT 1522}

1 ~ROGI=1 U} (ACTI~LeJ yNVT)IFR2} ) Z((XLITI 4L} =X1(I~1))%R(J))
IQ=0.
RE TURN
Cx%xrtk FOR STREAM FUNCTION
2 SOQURCE=A(I,JyNWIZER(J)
2Q=G.
RETURHK
Cu¥k®tx FOR MIXTURE FRACTION AND ENTHALPY
3 SOURCE=0.
2Q=0.
RE TURN
Cxix*% FOR SWIRL VELOCITY
4 1Q=0.
SOURCE=0.,0
RETURN
Ch&xxxxx FOR MASS FRACTIONS
c
o COMPUTE TEMP AND MOLEC WEIGHT
c

§ AFU=A{T,JyNZML)
IF(AFU.LT.0.0) AFU=0.0
AFC=A(T,4J4NZMC)
IF(AFC,.,LT.0.,0) AFC=0.0
AH=A( T Jobi2MH)
ACD=1.9059%{AlLy Ly NZMLI=AL T+ NZNML) 10 63 EXAFC
1FIACO.LT.~-5.0E-05) ACO=-5.0E~05
AH20=1.634*% (A0, 1 NZML I ~A(T 4y NZML 1) 40.00151
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FOX=AULy Lo NZML Y/ (PHIPRSTOX 0 88E6% (AH20-0 «001511-0+5712%AC0-0. 127*
1A£C

IF(FOX.LE.0.0) FOX=0.0

FIP=1.0-FOX~AFU~ACO-AH20-AFC

CTEMP=TO+ (AH-AFUXHFP-ACO*HFCO-~AFC*HFCC2~ AH:O*HFHZD’/CPREF

IF (TEMP.LT.300.}1 TEMP=TREF

ZMEANST O/ LAFU/IMH(LY+FOX/IMW( 2} 4FIP/ZMA( 2)+ACC/28.0114AH2C/28.0106
1¢£FC/44.011)

COMPUTE SOURCE TERMS

SORC={(PREF*IMEAN)/(TEMP*GLPM )
IF{K.EQ.3}) GC TO 10
IF{K.EQ.4) GO TO 11
IF(K.EQ.6) GO TO 12

FUEL MASS FRACTION
10 CONTINUE

IF(AFULLE,0.,0) GO TO 350
SORC=SCRC*%0,5
SORC=SORC*GLOR (1) *AFU**0,5
SORC=—SORC/EXP(ZEX(1}/TEMP)
ZQ=-{SORC/AFUYI*R(J)
SOURCE=0.0

RETURN

CC2 H#ASS FRACTICN
11 CONTINUE

IF(AH2D.LE.0.0.,0R.FOX.LE.0.0) GO TO 350
ACO=1. 9059*(A(1,l,NZHLD-A(IpJlePLl0—0.636*AFC
SORC=SORC*%2.0

SORC=SCRC*GLCE(2) *FOX**0,50%4H20%*0.50
SORC=SORC/{EXP(ZEX(2)/TEKFP )
SORCS=1.9059%{ A1, L, NZML }=A(1,4J,NZML)} )%SCRC
SQURCE=SORCS*R (J}

SORC2=0, 636*AFCx SORC

IQ=(SORCZ/AFC)*R (J}

All+J,7)=ACO

AlI.+J+8)=SORCS

A(I+J,9)=S0RCZ

PLTURN

NO MASS FRACTION
12 CONTINUE

IF(ACOJLELD. Qe OR,AFC,LT.0,0NC00L) GO TC 350
SDRC=SORC*%2,0

SORC=SCRC*GLOB(3 I*FIPXFCX®ACO/ AFC
SORC=SORC/(EXP(ZEX({3)/TENP))

SQURCE=SORC*R(J)

2Q0=0.0

AlT4Js71=SORC

RETURN

G0 TN 450

20=0.0

SCURCE=0.0

IFIKLEQ 4} All4J,79=0.0

IF(K.EQe4) A(14J,91=0.0

IF(K.ECe6) 2(14J47)=0.0

IF(K.EQe4) A(1,J,8)=0.0

RETURN

END

SURKOUTINE COEFCTII,J,K,INDG)
COMMON/CXIX2/X1(331,Xx2(15),0FELX1{(33),DELXZ({15)})
COMMON/CVP/L(33,1549),GL(33,151,62{3251514+R0O(33,15),24U(33,15)
COMMON/CCOER /CEsChCNGCSCLR)
COMMON/CCONST/PR{Q Y, ZMW{3),CPJI(3),GCHMsGC +2JC
COMMON/CRAD/PI15)
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Cumm ﬂh/CNU”fRIN“'NF'NZMLsNZMH.NZMC.NZMF.NZNN.NP.NVT
COMMONZCYLI/JCL,UC24 TG RADCL)RADCZ ¢RADN,OCN, DNy JJC 2, ICM,JC2M o JCTH
C***ﬂt*#*##*t#*#***t**##*##*tttt*t!t#t**#t**###tt*t*t#+**t#&#t*#nv*##*#*
C #2COEFFICIENT 2 (FOR DIFFUSION TERMS) SUBROLTINE
C ok etk ot ool ok kol ok etk ok Aok e ke ook Rk R R R ok R R R Rk ok Bk R
Cxuknxr  SUBSCRIPTS 14243414495 - REFER TO POINTS PoEyNeW¢S RESPECTIVELY
DIMENS ION B{(5)
DO 16 L=1,5
16 CtLi=1e0 _
TF({K.NE.NWIAND (K. NE.NP)}) GO TO 2
Ckkkdk, FOR VORTICITY
B(1)=R(J)x*3
B(2)=8¢1}
B(3)=R{J+11%%3
B(4)=R(1)
B(S)=R{J~-1)*%%3
ClLY=2MUL] »J)
Cl2)=2MU(]I+1,4)
C(3)¥=ZMU(l,J+11
Clai=2VvU(1-1,J)
C(S5)=ZMU(TI,4J~1)
GO YO 20
2 IF(K.NEJNF)Y GO TD 3
C*xx%k FOR STREAM FUNCTION
BL)=1./7(R{JI*RO(I,J)}
Bl2)=1./(RIJSI*RO(I+]1, I}
BI3)=8.0/7{(R(JI+R(JI+1L) 1 *(RO(I,J)+RO(I,J+1)D}~-B(1)
Bl4al=1./7(R{JI*=RO(I=1+J)}
BUSI=8.0/((R{JI+R{(J=-1))I=(RC(T4J)+RO(T,J~-1)})}-B(1}
GO TO 20
3 IF(K.NELNVTY GO TO 15
Cexx2%  FOR SWIRL VELQCITY
B{1l)=ZMU(I ¢J ) %R(J)*%3
B(2V=ZMU(I+1,J)%R(J}*%%3
BU3)=ZMU (T4 J+1}*R(J+1)%%3
B(4)=ZMU(I-1,yJ)%xR(J)*%3
BISI=ZMU(] yJ-1)*%R{J-11%%3
Clll=1./(R{JII=R(J))
Cl2)=C(1}
C(3)=1./7tR{J+1V2RLU+1))
Cla)=C(1)
IF(R(J-11,GT,0,0) CtS)=1./(R(J-1)I%R[J=1))
IF(R(J-1).EQ.0.0) C(5)=0.0

GO TO 20
C¥** % FOR MIXTURE FRACTION AND ENTHALPY AND VASS FRACTIONS
15 B(1)=ZMU({1,J)%R{J)/PR(K)

B(2)=ZMU(I+1,J}%R{J}/PRIKI
B{3)=ZMUlI J¢+11%R{J+1)/PRIK]) .
BL4I=2MULT~1,0)%RLJ) /PRIK) a
B(S5I=ZFU(T9yJ-14*R{J-11/PR(KI} :
20 CONTINUE
C*+%x*x% FQR AtL OEPENDENT VARIABLES
CE=(B(2)+B(LI I/ LIX1UT+LI-XLCTD1%2 . %DELXLL I
Cw=(B(1)+Bl4)) /LIXLIT)I=-X1(I-1) 1¥2,%DELXL(]))
CN=(B(3)+B{11)/7((X2(J+11-X2(J) 1*%2.*DELX2( J))
CS=(B(LI+BIS5 /70 IX2(JI-X20J-1) 152, %0ELX2( I}
RETURN
END
SUBROUTINE CONVEC(I,JeK,AU.ZU)
COMMON/CVP/AL32,15,9),GL(33,15),G2033,15) 4R0(23,15),2MU(33,15)
COMMON/CXLIX2/X1(331,X2(15),DELX1{33 ), X2C15)
COMMON/CNUMBR/NW ¢ MF ¢ NZML g NZMHg NZPC G NZMF o NIFNoNPoNVT



-206-

COMMDN/CYLL/JUCL14JC2, IC RADCL\RADC2RADNsDCNeDNoJIC2¢ICMeJC2Me JCLM
COMEON/CRAD/R(LS )
COMMON/CIW/IW,IL 4 IH
COMMON/ CCOEF/CEsCHYCNLCSC(5) .
COAMMON/CGRIN/IMING33 ) o IMAX {3314 1N, N, INM, JNM, TE
€ A% o b X ol ool o e o o ok ol o ol 7 e o o ot o e a0 e o e o o e U ok ol o e e o A K0 ol o o o e ok ool ool o o o 2 e ot o oo e ol o e e ok e
C F2COCNVECTICN22 ~ TERM  SUBROUTINE
C TARK~AND~TUBE FCRMULATION OF THE CCNVECTICN TERMS
ke s ket e o et o e ade oot o e ok ol ot ok e ml o o Aol ot oo oo kol ke o ol b e e ok ookl K ok vt ok e Aok o ok o e ok oo o e ke o ok
AU=0.. ’
2u=3,
IF(K.EQ.NFY GO TD 12
DX12=1./ (4 DELXLUTIXDELX2(J 1))
GMIE=DX12¥ (A1 ¢ J+YyNFI-A(I 4J=~1NF}+A(T 41y ¢l NF)-A(I4+14J=-1,NF))
GMIV=DX12% (A{ Lo +LoNFI=A(T s J~1NFI+A(I~14 I+l NF)-A(I-1,J=L1NF}}
GM2S=-DX12%{A(I#) g JoNFI=ALI-1 g JyAFI+ALTI+1,J=1, NFI-A(I~1,J~1,NF})
GM2N==DX12%(A( I+ 13 JyANF)-A(I-1sJsANFI+A(]+]1sJ+1,AFI-A(I-1,J%]1,NF))

1F{GMINW) 143,42
TU=-GM1W
GO TO 3
AU=GMINW*A{T-1,J,K)}
IF(GM2S8) 44645
ZU=2y-GM2S
GG TO 6
AU=AU+GM2S*A(1,J-1,4K)
IFI(KsEQoNW) AND o (JoEQe{JC2+1) 1 AND.(I.GELIC)) GO TO S0O1
IF(GM1E)}T7,9,8
AU=AU-GMIEXA(I+1,J,K)
60 TO 9
ZU=2U+GM1E
IF{GM2NI10,11,11
0 AU=AU~GM2N*A (] o J¢1,K)
IF((K.EQ.NW}.AND.(J.EQ.JNM)) GO TO 504
RE TURN
11 ZU=2U+GM2N
12 RETURN

-~ O wn S WN [

-0 ®

501 ZU=2U-GM2S*ZW/CS
GD TO 6
502 ZU=7U+GM1E*ZW/CE

GG TD 9

504  ZU=2U+GM2N%ZW/CN
RETURN
END
SUBROUTINE DENSCT
COMMGN/CPARAM/VINI S VINPIL5) 4 TP PP, TUyPJPHIP,PHIY
COMMIN/CVP/A(33,15,9)4,G1(33,15)146G2(33,1514RO(32,15)4ZMU(33,15)
COMMON/CINDEX/ INDE (99, INCG, INDRD, INCZMU
COMMON/CREFEP/ROREF,PREF ,ZMUREF, TREF CPREF,TQ
COMMON/CGRID/IMINE33), IMAX(32)4IN,JNIKM, JNM,1E
LOMMON/CCONST/PR(9 1y ZMW(3),CPI(31,GCPM,GC,24C
COMMIN/CNITER/NLTER
CC:MMON/CNUMBR /KWy NF o NZML o NZMH,NZPC ,NZMF,NZVN NP, NVT
COMMON/CHEM/STCySTOXy HFP ,HFCOy FFCO2y HFH20 ,GLOB(3) . ZEX( 3)
CCMMON/C ROWF /RCWF

C Ak sk okoaic e ale st e ol ok o o A e X ok ok ook ok o ook K ok ok ek el e o o ke e ok ok o oAk fe AKX ok ol ol ofe o ke e ok ok oK ok adrafe ok ke sk

C  ##DENSITY#z SURRCUTINE

€ MIXTURE DENSITY CALCULATICN

Gtk 2 v e ofe e ate ok ke o o kool ok o ok ok o o ok o e e % ok O o o B e o e e o o Tk o o ok e e e o ol ol o o o ok o ok o o ool o ke ook ke
DG 40 J=1,JN
IL=IMINL YD



20

50

40

c
c

40 -

17
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CIH=1MAX(J)

D32 &0 I=IL,IH

AfFU=A{ T JyHZIHL)

AFC=ALLy JyNZMC)

ACG=1.90592(A(1,1,NIMLY-AFUI-0. 636¥AFC
AHZ2N=1,634% (A0 Ly LyNZMLY=ACT Je NZML) ) #0.0D151

FOX=AC1s Ly NZISL Y/ (PHIP%STCX ) ~0, 888 (AH20~0.001511-0,5712+4AC0~0.727%
1A7C . .
FIP=1,0-FOX-AFU-ACDO~ AHZC -AFC

[FIAFUGTW 1) AFUY=1.0

IFIAFC.GTale) AFC=1.0

JF(A{0.GT1s}) ACO=1.0

IF{FOX.GToale?) FOX=1,0

TIF(AH20.GT.1e) AH20=1.0

IF{AFU,.GT.~1.,0E~-05) GO TQ 15

AR U=0, O

CONT IRUE

IF(A¢C-6T0‘1.0E°05' GO T0O 17

AFC=0D.0

CONT INUE

IF (FOX.GT.~1l.E-05) GO TQ 20

FOX=0,0

CONT INUE

AH=A{14JyNZMH)

TEMP=TC+ (AH-AFUXHFP-ACO*HFCO-AFC*HFCO2~- AHZG*HFHZO’/CPREF
IF(TEMP.GE.300.) GO YO 50

TEMP=TREF

CONT INUE
IMEAN=1,0/(AFU/ZZMW(L)+FOX/ZMW( 2) +FIP/ZMW( 2)+ACC/28.011+AH20/18.016
1+AFC/44.011)

DZNSTY=(ZMEANXPREF) /(GCPMXTEMP)

ROUIyJI=ROWFHDENSTY +(1.0-ROWFI*RO(I,J)

CONTINUE

RE TURN

END

SUBRNDUTINE VISCCT
COMMON/CVP/A(33,15,9),+G61(33,15),G2(33,15)} ,R0(33,15},ZMU(33,15}
COMMON/C INDEX/ INDE(9)s INCG, INDROy INDZMU
COMMON/CREFER/RNDREFPREF4ZMUREF, TREF,CPREF,TO
COMMON/CGRID/IMIN(33),IMAX(33),IN, Ny INM, INM,IE
COMMON/CNUMBR/NW ¢ NF g NZML g NZMHy NZMC oy NZMF,NZMN NP4 NVT
COMMON/CYLT/ZJCL143C2,ICsRADCY RADCZ2+RADNyDCNsDNyJJC2,5 ICMyIC2My JCIM
COMMON/CPARAM/VINI S VINP(15), TP yPP s TUsP J4PHIP PHIJ
CCMMON/CZMUK/ ZMUK
COMMON/CXL1X2/X1(0331,X2(15)+DELX1(33),DELX2(15)

(G 2 % e ot o o ol o 2 Sk ot e afe ke e ade o o o 2o e e o o e ok o o o K o o ok otk ok X o e e ok e e o ok ok ol ke o g o o e ok ko ok ok ok ook ot o ko R ok

2#VISCOSITY#% SUBRCUTINE.

MIXTURE VISCOSITY

ook ool s e e teoe e e e ok e o ot e e e ook ot R OR Aok e ok ok ok ok ok e ok R ok R ok k ok ok ke e kR ok kR Rk

IFUINDZMULEQ.1} GO TO 20

ZMP=2 ,%{ AlLly JN,NFI=A(Ly1,NF) )"

ZMJ==2. % (ALICs JCLyNFI=A(IC,1,NF})

IFUINDG.EQ.2) ZMP=ZIMP%3,14162

IFUINDG.EQ.2) ZMJI=ZIMI%3,14162

VINPSUM=Q .0 .

DO 49 J=1,JN

VINP SUM=VINP SUM+VINP(J}

VPMEAN=V INPSUM/FLOAT{JN)
IMVV=ZVMPEVPMEAN® %2 ¢ ZMJ*V IN Jx %2

IFCINDE(NVT)LEQol) ZMVV=ZMVYV+ZINMI*(A() . JCL~ loNVT’**Z'
IMVV=7IMVV%%0,33333

AA=ZMUK®[[2.%X2( UN) b *x%0, 666667’*ZMVV/K(DCK'**°-33333’
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DO 12 J=1,JN

CIL=EMI RGO}
IH=TMAX( 4}

DC 10 I=1L,1H
IMUT, 2V =AACLFO(Y 1 J) 220 ,666667)
10 CONTIMLE
GO TN 20
20 DO Z1 Jd=1,JN
1L=THINCJ)
TH=FMAX (D)
00 21 1=1L,IH
MUt T JH =2 MUREF
21 CONY IRUIE
30 CONTIMUE
" RETURN
END _
FUNCTION T(I,J)

" COMMON/CVP/A(33+15,9),61(33,15),62(33,15) ,R0(33,15},ZMU(33,15)
COMMON/ZCNUMBR /KW JNF ¢ NZML 4 NZMHy NZFC o NZMF o M2MN NPy NVT
COMMON/CCONST/PRIG)Y 4 ZMH(3) ,CPI(3)4GCFM,GC,ZJC
COMMON/C REFER/ROREF, PREF 4 ZMUREF, TREF 4 CPREF, TO
COMMON/CHEM/STCy STOX ¢HFP yHFCQoHFCO24+ FFH20,GLOBI3 )y ZEX(3)

€ odeole ool o sl o 2 oz e sl kool oo e e e e e ok ol R o ok ok ok ok ek ok ok ko kR kR ok ok Rk ok R
'S TEMPERATURE CALCULATION -
C#*#*#**t#**t#tt#t#**##t*##**#**t***t##*tt***#*##*ttt**tt**t**t*t#tﬁ*tt#
AFU=A(T,Jy NZML }
AFC=AL1l,JyNZMC)
ACDO=1.9059%(A( 1y 1 ,NZML)}~AFU)-0,636%AFC
AH20=1,634%{ A1y 1, NZML)-A(L+J,NZML ) }140.00151
AH=A(14J,NZMH}
TEMP=TO+ (AH-AFU*HF P-ACO*HF CO-AFC*HFCO2-AH20%HFH20) /CPREF
T=TEMP
RE TURN
END
FUNCTICN VS2(I,J) _
COMMON/CVP/A(33,415,9)4G1(33,15),6G2(33,15) ,R0(33,15),2ZMU(33,15)
vs2 =(GL(I4dIRGLCT s I V4G2(T 4 JI%G2( I +J) }Z{RO(I 4 JI*RO(T,J})
RE TURN
END
SUBROUTINE MVBCCT
CCMMON/CVP/A(33,15,9),61433,15),CG2133,15),R0O(33,150,2MU(33,15)
CCMMON/CGRID/IMIN(33),IMAX(33) ,1N, JNsINM, JNM,TE _
COMMON/CPARAM/VINIZVINP U151y TPyPPyTUyPI4PRIP,PHIJ
COMMON/CREFER/ROREF, PREF, ZMUREF, TREF,CPREF,TO
COMMOIN/CNUMBR /NW JNF g NZML ¢NZMH o NZMC o NZFF o N 2ZMN NP ,NVT
COMMON/CYLI/JC1lyJC24 IC+RADCL,RADC2yRADNyCCNyDN ¢ JIC24ECM4JC2M, JCIM
COMMON/CCONST/PRION 4 ZMWI3) ,CPJII3),GCPM,GC,2JC
COMMON/CX1X2/X1023),X2{15) yDELX1(33),DELX2(15)
COMMCN/CRAD/R(15)
COMMON/C INDEX/INDE(9),INDGsINDRD, INC TMU
DIMENSION AQ(33,15,14)
EQUIVALENCE (A{1,1,11,AQ(Ly1,1))
€ ok e el o o ofe ok v e s b ot e ok ol ol o oo e e o e o e e e e o e e o ol o sk e sk ol kol ol ko e e o o ok ol ok o R o ke o
C  rEMASS-VELOCITY-BOUNDARY-CONDITION?# SUBROUTINE
C THIS SUBF., CALCULATES Gls G2 ON THE BOUNCARIES
Ct##*#*#t*##*#**t*t#t#****#*#*##tt#*#####*tt#*t##**#t****t*ttt**ttit*ttt

C
C##**t###**##*****tt**#*#t*##ttt######*##f*t*###t***#***###*##**tﬁt#***#

C UNTIFORM INLET-VELOCITY DISTRIBLTIONSes« )
c ZERO AXIAL GRADIENTS CF STREAM FUNCTION AND VORTICITY AT EXIT

€  VEXIT IS THE MSAN VELOCITY AT EXIT o
Chapditdr b fobhdhhbbbhbrkk bkt wkp kbt hprphbbbdgekkbphdthyes
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DO 31 J=0UC2, JAM
GLITHy JI=ADF {LINedy 2, NF H/RLIY
31 CORY I MUE
BBx1a/(1.-C(X2(23-X%2{1}4/7(X2(31=X2(1)})**Z)
CO 10 1=2,1CH
10 GL{T, LI=RBAGLLI, 2)-(KB~1.)%G1(I,2)
REFTURN '
END
SUBRNUY INFE KMVELCTINE)
COMMON/CVP/ZA(335154+91,G1(33,151,62(33,15) ,R0{33,151,ZMU(33,15)
COMMON/CRAD/R(15)
COMMON/CGRID/ TMING33 )y IMAX(33), INoIN, INMy UNM, I E
CFMNGNICYL{/JC1'JC21leRhDCl,kAD(ZgRADN-DCNoDNqJJCZ'!CMsJCZHqJClM
DIMENSION AQ(33,15,14)
EQUIVALENCE (A(1l41s10,A001,1,1))
€ vk ok e ok A 2 2k sk ode ok ok o ok 3k ok oo o 9 o ok e o v ok e e oo e o ool kool of e ol ok o ok ok o o ok e o o ol ok ke o ok o ol ok A ade ok e ok ok o ol o ol s
c #EMASS-VELOCITY## SUBROUTIAE
C THIS SUBR. CALCULATES Gl AND G2 AT ALL POINTS NCT CN THE BOUAND.
[t 222 124 #*#**#**#*#a"#*#t****rt!*t**t*t*&###***##********#***t#*****###t*##
HO 10 J=2,JNM
IL=IMIN(J ) +1
IH=IMAX( J)-1
IF(J.EQ.JC2) IH=IC~1
DO 10 I=1L,IH
GL{I s J)=ADF(I4J92yNFI/R{I)
10 G2(14J)==~(ADF(I4Jys L4NF)/RLS))
o RETURN
END
SUBROUTINE PRINCT (1TAB)
COMMON/CX1X2/X1(33),XZ( 151, DELX1{331,DELX2(15)
COMMON/CVP/A(33,1549),G1133,151+G2(33, 1;..R0(33,1=i.z~u(33.15n
COMMON/C INDEX/INDE (9), INDG 4 INDRO , INDZMU .
COMMON/CNUHBR/ NW o NF y NZML ¢ NZMHy NZMC o NZMF o NZMNy NPy NVT
COMMON/CGRID/IMINGZZ) , IMAX(33) 9 IN, SNy INM, JNM, T £
COMMON/CNAME /ATITLE(12) yASYMBL(1Z),ANAME( €,10)
COMMON/CNITER/NITER
COMMON/CVEXIT/VEXIT
COMMON/CPARAM/VINJ VINP(151, TP ¢PP4TJyPJ+PHIP,PHIJ
COMMIN/CREFER/ROREF 4 PREF 4 ZMUREF, TREF,CPREF,TO
COMMON/CRAD/R(15)
CCMMON/CHEM/STCy STOX ¢ HFP HFCD HFCO2,HFH20,GLOB(3), ZEX( 3)
COMMON/CYLI/JC14JC24 ICyRADC14RADC2oRADNDCMyDN¢JJIC2y 1CM9JC2MJC LM
COMMON/CVARY /NHDT NP UNCH JNREAD ¢NPRES
DIMENSION W(33)
(C e st s o e o ok o e e ol o e e oo ode ot e o ok ok ok ol ke ke X ek deoge ok ok *****t*#*##tt*#*t***t#t***t*t*#ttt
C  ##PRIMT#® SUBRQUTINE
C . THIS SUBR, PRINTS OQUT PART OF THE RESULTS FCR EASY EXAMINATION
C#****#*t**t*ﬁ-**t***tttt*tt**#****ttt* ****#*#*t#tt**t*t*t*t#*#t**t*#t#tt
PRINT 500
10=1TAB
1T=1E+1
IF (NHDT.EQ.0) GO TO 80
DO 70 J=1,JN
IL=IMIN( I,
T IM=IMAXL S)
D0 70 I=1L,IH
COALT 3 ITH=T{L )
70 CONTINUE
sy IFCINDE(NP)LFO.11 IT=1T+1
' T IFCINDE(NPIJKE.L) GO TO 82
1Q=10+1}
00 50 J=1,JN



50
82

20

100

101
102
103
301
401

500
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IL=THINCS)

TH=IMAX (I}

DO 59 I=1t,.lH

AlTyds IT)I=A(L I NP}

CONT I HUE

I1Xx=1}

DO 10 K=1,10

PRINT 100s (ANAME(L,K)eL=1, 6}y NITER

DO 6 IP=1,3

IF({IP.EQe2) ,ANDL(INLLE.21)) GO TO 6

111=12

IF (IN.GT.21) 1I1=23

IF(IP.EQ.1) IEND=11

IF(IP.EQ.2) TEND=22

IF (IP.EQ.3) IEND=IN

DO 5 JJ=1,JIN

J=IUN+1-JJ

IF(IP.EQ.2) 1I1=12

112=1MAX(J}

IF (1P.EQ.1Y} 112=11

IF (IP.EQ,2) 112=22

IFUIKJNEJNW) JAND, { TINDELK) NEL1) OR, (K NEJNVTYIY GO TO 4
DO 40 I=111,112,1X

W{II=A(]yJd¢K}

IFI(K.EQeNVT) JANDL(RIJIeGT0,0)) ACI;JyNVTI=W(TI}/RJ)
CONTINUE

CCNT INUE

PRINT 101, J, (A(I, Jy Kb}, I = 111, 112, IX)
IF((K NE oNW} JAND S ( {INDE(K) NEo1l) dORG(K.NENVT)II} GO TO 5
DO 41 I=I1I1+112,1X

A(Tl,J,K)=H(I)

CONT INUE

IF (1P.EQ.1) PRINT 102, (1,I=1,1END)

IF (IP.EQ.2) PRINT 102, (I,I1=12.1END)

IF (1P L,EQ.3) PRINT 102y (1+1I=111,IEND)

PRINT 103

CONTINUE

CONT INUE

IF (NTTER.EQ.1) RETURN
RENO=-42.750%A(1,1,2)/ZIMU( 1,1}

PRINT 401, RENC

ROSUM=0,0

DO 20 J=JC2yJdN

ROSUM=FOSUM+RO(IN, J)

ROMEAN=ROSUM/ (FLOAT{JUN)=-FLOAT(JC2M}}
IF(INDG.EQel) VEXIT==A(IN,JC2,NFI/{{X2(INI-X2(JIC2))*%RCMEAN)
IF{INDG.EQa2) VEXIT==2,%A(IN,JC2,NF}/ [(RADN*RADN-RADC2*RADC2) *
1 ROME AN

PRINT 301, VEXIT

FORMAT(1HL 435X 21HTHE DISTRIBUTICN OF ,6256/7/
223H NUMBER GF ITERATION = ,15//7)

FORMAT(1H +1242X,11(1PE11.3}}
FGRMAT(L1HO/111Y1//71}

FORMAT(1HO// /)

FORMAT(9H VEXIT = ,F8,.,3)

FORMAT (//7/ 10X,

1 SS5HRE YNOLDS MO BASED ON MEAN MASS FLOW RATE AND MAX DIA =
2 OPFT.1)

FORMAT (1HTH

RE TURN

-END
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FUNCTIOMN ADF{I.J+LX,¥Q}

COMMON/CVP/A{334915491+G1132,15),62(33,151,P0(33,15},7MU(33,15

COMMON/ZCYLI/JCLeJT2y ICIRANCLRADC 2 RADNsDCH DN, JJCZ.ICMv)C(M'Jfl"

COMMON/CXL1X2/X1{33) ¥ Z(lJl'DELXI(%!IyDELX?(159

COMMON/CHRID/ZIMING33) s IMAX(33 0+ IRe INPINRYyINM, T E

DIMENSION AQ(33,154+14)

DIMUNSION BENQ{201!+8WSR(201.BPL12G}

EQUIVALENCE (A{Ll+1,1)450Q0{1,1,1))

DF (PHy BENQs BHSRy B8P » XENQy XWSR )= LI XENQ*XENQ~ XNSR*XNSR)*BP*

1 XWSR¥XWSREBENQ-XENQAXENQ* BWSR I/ (XENQRkXWSR*{ PN*XENQ+XWSR ))
CoXe N sl d: e o o S o N o o o o o o o o o ko Mo ek ol ek o ot o o o ok ko o Xk e e ok e o sk ko o ok ok sk o e ok
c THIS FUNCTTON EVALUATES FIRST DERVIATIVES ACCORDING
C TO THE THREE-POINT QUADRATIC APPROXIMATICN
(C %% o o (e ke ke o ok ke o afe o 3 ok ol e 2 o ook e ok o ofe e bk e XK X o ek o o o ok ooc ke e e e ool o ok A gt o e el ok e e ok ok ok ok e ok ok R T e ok ek
c
CHiw % DEPENDING ON THE POSITIGN OF THE POINY (I,J), THERE
G ARE FIVE DIFFERENT EXPRESSIOMS FOR THE DERIVATIVE
C

M=1

IF(UJeEQ.L)aOR I (JVEQLIC2) ANDlILEJINIJAND(I.GEL,ICY)) GO TC 92

IF(I.EQ.1) GO TO 93

IF ( J.EQ.JN) GG TO 94

IFC(UTLEQuIC)sANDe(JLELJC2)AND.{JGE.JC1}).0R,

1 ({1.EQ.IN) AND. (JsLEWJIN) ¢ AND, (JGE,JC2))}) M=5

GO TO 99
92 M=2

GO TO 99
93 M=3

60 TO 99
9% M=4

99 CONT INUE
GO TO (142+3494+45)9M
C etk % M=1.,..FCR POINTS NOT ON ANY OF THE BOUNDARIES

1 PN=1.
IF(LX.EQ.1}) GO TO 12
13 IF((J.EQ.1).CR.(JLEQ.IC2V) GO TO 21

IF(JLEQ.UN)Y GO TO 41
DO 10 L=1,14
BENQ(L)I=AQ{1,J¢1,L)
BWSRILI=ZAQ(T,J-1,01)

10 BP(LI=AQII 4, L)
XENQ=X2(J+1)-X2(J)
XWSR=X2{J)=-X2(J-1}
GO 70O 100

12 IF(I.EQ.1) GO TO 31
IFLT{TCEQaIC) AND {JLEQ. 11 ) OR.ITILEQ.IN)) GO TO 51
DO 11 L=1,14
BENQ{LI=AQ(I+Y,JyL)
BWSRILI=AQ(I-1,J,L}

11 BPILI=2QUI+Jd.L?
XENQ=X1(I+#1}-X1(T]}
XWSR=X1(TI)=-X1tI-1}

GO TO 100
CHrsn M=24.e0eFOR POINTS ON THE BOUNCARY Jy=1
2 IFILX.EQ.1) GO TO 1
21 PN==1.

DO 20 tL=1,14
BENQIL)I=AQ( ,J¢l,L )
BUSR(L I=20(1,J42,L}
20 BPILI=AQ(T,J,L)
XENQ=X2(J+ L)~-X21 I
XWSR=X2(J+2)-X2(J)
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31

30

_2]?_ //

GO TO 100 /
. M=3....F0F POINTS ON THE 1AB=PLANE e
IFrqr NE.1) GO TO 1 A
PN="’1-

DO 30 L=1l,14
BENQELI=AQ(TI+1,d,L 4
BRWSRILY=AQ(I +#24J4L)
BPILI=AQ(I,JsL}
XENQ=X1{I+1}-X1 (I}
XWSR=XI{I+2)--X1(1} .

- GO TO 100 -

Chunst

Cokok s

14

40

R

51

50

100

Cxdk &

Cokk &
101

M=4 ¢ 00 s FOR. POINTS ON ALL WALLS PARALLEL TO THE J- L!NES'
BEYOHN THi® ITAB-PLANE

IF(LX EQ. 1, GO T0 1

PN=-1, :. ’

DO 40 L=1,14

PRINT 14,1,JsLcAQ(I,J~ I’L'

FORMAT (£/43{2Xs131,3XsE 4.8)

BENQILI=AQ(T s J-1,L)

BRSRILI=AQ{I+J-2,L)

SBPLLI=AQ(T 4 0L

XENQ=X2{J-1)-X20J)

XWSR=X2(J-2)-X2( I

GO 70 100
"M=5.e..FOR POINTS ON THE WALL OF I=IC AND- THOSE ON THE EXIT

IF(LX NE.1) GO TO 1

PN="'1'-

DO 50 L=1,14

BENQ{L)}=AQ(T-14J,L)

BHWSR(LI=AQ(I~-24J,L)

BPILI=AQ(T, J,L )

XENQ=X1{I-1)-X1(1)}

XWSR=X1(I-2)-X1(I}

CONTINUE

IF(KQ.LT.15) GO TO 101 o
EVALUATICN OF DERIVATIVES FOR V1 ([KQ=15) AND V2 (KQ=16)

BENQ(153=BENQ{10)/BENQ(12)

BENQ(16)=RENQ(11)Y/BENQ(12}

BWSR{15) =BWSR{10)/BWSR(12}

BWSR(1&6)=BWSR{11)/BWSR(12)

BP.(151=8P(101)/BP(12)

BP(161=BP(11)/BP (12}

CONT INUE

ADF=DF{PN,BENQ(KQ} ,BWSR(KQ), BP(KQ)yXENQyXhSR} .

RETURN

ENDC

SUBROUTINE BOUNCT(K) -

COMMON/CVP/A(33,15,9), Gl(33'15)'u2(33-15),RO(33.15)sZMU(33ol5i
COPMDN/CGRID/IMIN(331pIMAX(33leNth INM, JNM, 1 E
COMMON/CNUMPR/NW  HF ¢ NZML e+ NZMHy NZMC o NZMF o NZFNyNPoNVT
COMMON/CPARAM/VINYVINPULS) s TP 4PPy TU4yPJyPHIP 4PHIJ
COMMON/CREFER/ROREF) PREFy ZMUREF, TREFCPREF,TOD
COMMON/CCONST/PRI{91 4 ZMW(3) ,LPJ(3),GCPM,GC,24C
COMMCN/CYLI/JCL,JC2, IC,RADCL4RADC2y RADN.DCN-DNvJJCZoICM'JCZM,JCIM
COMMDON/CXIX2/X1(33),X2(15),DELX1(33),DELX2(15)
CO"MDN/CHEH/STC.STUX'HFPpHFCC'FFCUZ-HFHZUgGLCB(3'sZEX(B'
COMMON/CRAD/R (151 . .
COMMON/CKVORT/KVORT

COMMON/CNITER/NITER

COMMON/CINDEX/INDE(9 ), INDGsINDRD s INDLMY .

FP(RCP,YXI2)= —ROPXVINP(JIXIY-XTI21%({0. 5‘(Y¥XIZl’**(INDG—l))
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FIMROCI Yo XI2)=TBASE+CQIRVINI*LY=-XI202( (00 E6(Y+XIZ)} )%« (IRDG-1))
WP(X12)=0.0%X12
WI(XI2)=0.,0%X12 .
LA ¢ DELF.WQsROPyDELRO,ETA2)x ~( DELFZ2CGETA4DX1)I*%2})
+WQ¥ {RUF/64+DELRQ/8. 1)
/{ROP /3,45 ,*DELRO/24.) -
WIW(WKyDELFsWQsROPyDELRORAD )= —{( DCLF /{DX2*DX2}
+HQ*(RAD+HK¥DX2 1 %
(ROP*(RAD /6, +WK*DX2/8, )
+DELRO*(RAD/ 8, +HK*DX2/10.) }}
F(RAD®(ROP*{RAD /3, +5. *WKXDX2/24,}
+DELRO*(5 ;% RAD/ 24« +3. % WK*kDX2/20, 13§
YY(YNeYPI=1 o/ (la~(YP/YN}%%2}
€ et o o e ok oo o ot ook o oK e ok e o bk e A o e e e e ok ok ek o A ok K ok R K KR R Rk R R R R R Nk
C  #7BOUNDARY## - CONDITONS SUBROUTINE ’
c BOUNDARY VALUES FOR ALL THE CEPENDENT VARIAELES
€ o o K ot ook e ool o ok o KK oK o K o ok o e o Aok o o ok ok KR A AR K R o R ke o e ok ok
C
C
€% sk ook et st ke sk o ok o o o fe o ok ol R ok e ek ke ek oo ke o e e o ok of ool e e e ke i kot ol ok s ke o o ok e o o ol okl o ok R o
c UNIFDRM INLET~VELOCITY DISTRIBUTIONS ...
C ZERD AXIAL GRADIENTS FOR ALL DEPENCENT VARIZBLES AT EXIT
Cc QUADRATIC PROFILE NEAR #2ADIABRATIC# BCUNDARIES
G s o e o ofe o e o b e ok o o ofe o ok o ofe ool ok oo ok e b ot kol ol ok AR R R RO e ook o o o ok ko o ok ok ok okl o ok ok
GO TO (142¢393¢393931+K
€ 9 2ok o o o o ok o o o o ofe ok e g o o ok ok ok o R ok o ek ok ook ok ok K o e ik Rk K b
C FOR STREAM FUNCTIONeecooe A(I,4J4NF)
o o e o e o o o 0 o o o ok o o ek o ok ok ok ok o e ok o aok et oK o o ok ok B K
2 CONTINUE
IF(NITER.GE.2) GO TO 211
DO 205 J=1,JN
IFCINDG.EQa2) A(LlsJeNFI=FP(RD(1,sJ)sRADN,R (J))
205 IF(INDG.EQ.L) A(l,J4NFI=FP(RO(LsJ4X2(INI,X2(I0)
DO 204 I=1,IC
204 AlT,1,NFI=A{1,1,NF)}
FBASE=A(IC,1NF}
D0 207 J=2,JC1
IF(INDG.EQ.2) AU(ICyJsNFI=FI(RO(ICsJIsRUJIH4RIL))
207 1IF(INDGeEQel} ALICyJeNFI=FJIRO(IC+JBeX2(J)eX2(1))
DO 201 1=1,IN
201 ACIy INyNFI=0,
DO 208 J=JCl,JC2
208 A(IC+JeNFI=A(IC,JCL1yNF)
DL 202 I=IC,IN
202 A{1,JC2,NFI=ALIC+JC2+NF)
211 CCNTINUE
BB=YY{2.*DELX1{IN~L1) ¢ XLCINI=-XL{IN=-1))
DO 210 J=JJC2+JN
210 ALINsJoNFI=BB*ALIN=1,J4NF)=-(BB~1.)*ALIN=-2,JsNF}
299 RETURN
Cleso sk ok ok ik Rk R Aok Rk kR AR R Rk Rk Rk KRRk 4K
C FOR MASS FRACTION, ENTHALPY, AND MIXTURE FRACTION
[ R R R T Tt Y Ly T T
C
3 BB=YY( 2. *DELX2{JINM} 4 X2{JINI ~X2( IJNM)}}
00 816 Ix2y INM
816 Al1,4UNKI=BB*A[] 4 JNMK)=(BB=1,0%A{1,JN~-2,K)
IF ((JC2-J4C1).EQ.1}) GO TO 51
JJCl=d4C1 +1
BBEYY (2, %DELXIUIC-10 ¢ XIOICHI~-XL(IC~1))
DO 817 J=J4JC1,JC2M
IF(K.EQ.NZMiI} GD TOD 301

VP WNE= N
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ALIC,J4K)= BB*A(IC leon ~(8B-1, I*A(IC-ZoJoki
G0 TO 817

301 AFU=ATIC.Jd,MIMLY

AHZD=1. 634“(A(lt19NZML) AFU’+0 00151

AFC=ACIC,JyNZIHCH -

ACO=1.9059%{ A1+ Lo NZML)-AFUI0 .636%AFC

A(IC SsNZIMH) =CPREF*(1260.~T0) +AFURHF P+ AH2 C*HFH2O0+AFCLHFCO2+ACCEHFC
10

817 COATINUE

51

819

BEB=YY(2.#DEL ¥2(2}),X2(2}=-X%X2(1)}

DO 819 I=2,1CHM _
AlT,1e4K)I=BBFALT$24K)=(BB~1.02A(1+3,K)

IF (K.EQNZMF) GO TO 819

TFACT 1K) LT ,0.0) AT KI=0S5%(AlT, 1, KI¢A(L2,K)(
IF(A(Iy14K)oLTo0.01 A(T19KI=A1],2,K}

CONT INUE

BB=YY(2. *DELXZ(JC2+1"XZ(JCZ*I,*XZ(JCZ..

‘DO 843 I=IC,INM

IF(K.EQ.NZMH) GO TO 302
AlT,JC2,KI=BBRA{T,JC2¢1,K)=(BB-1.)#%AL],0C2¢+2,K)
GO TO 843

302 AFU=A(1,JC2,NZML)

AH20=1. 634*(A(l.lvNZMLD—AFU'*O-OOISI

AFC=A(1,JC2,NZMC)

ACO=1.9059%(A(1+14NZMLI-AFU}-0.636*%AFC

A(T+JC2 4 NZMHI=CPREF*(1260.~TO) ¢+AFUZHFP +AH20*HFH20¢AFC*HFCO2¢+ACO*HF

1co

843 CONTINUE

820

BB=YY{2.#DEL X1 (IN-1) X1 UINI-X1CIN~-1))

DO 820 J=JC2,JN
AUINGJoK)=BB*A(IN=-1,JsK)-(BB=1e}*A(IN-24J+K) .
RE TURN '

C**#**t*#**t#***##***##******##***#t##*‘#**##it‘*

c

FOR VDRTICITY..e0 All,JeNW)

C ook ook dk ol sk e ek Sk ok ko ko ko ok kok ko ko ok ek ok kokk g kok g

1

11

101

15

111

10

17

18

CONT INUE

WK=FLOAT(INDG~1)

IF(KVORT . NE.1) GO TO 111

DX2=X2(JN)-X2(IN-1}

00 11 I=1,INM

ALT oINS NWI=WHH{~WK 9 A(T g UN~L o NFIoA(T ¢ IN-13 NI LRCLTI ¢ IND,
1 RO(14JUN~1)-RO(I 4JN} 4RADN)
DX2=X2{JC2+¢1)-X21JC2)

D0 101 I=IC+INM

ACT1,JC2,NW)= WHWIWK)A(T s JC241,NF )~A(T,JC2,4NF) sA(I,JC241,NN),
1 RO(I,JC21,RO(T194C2¢1 "RO(leCZ’vRADCZ'
IF {({JC2-JC11.EQ.1) GO YO 111

DX1=X1(IC)=-X1(IC~- 1’

JJC1=JC1+1

DO 15 J=JJC1l+JC2M

A{IC, JNWI=WVK( A(IC-14JeNFIs ALIC-1,oJs AW},

1 RO(ICsJIeRO(IC=-1eJI=ROLICsJIy REII?

Do 10 - ¥1=1, IC ) ‘

IF(INDGLEQel) A(I»1+NWI=0,0

IF{INDG.EQ.2}) A(IeleNWI=

1 A(T ¢ 2)NWI+{X202) 71U X203 )1=-X2(2 ) ) $LALT 2 yNWI-ALT 43 4NW) )
CONT INUE

DO 17 J=2,JC1

ALICyd o NR =W (X2(T) ) /R(J)

BB=YY(2.*DELX1{IN~ ll,Xl(INl X1UIN-1))

DO ‘18 J=JC24IN .

AUINyJyNWI=8R%A( IN=24J¢N¥K '*(BB-!-"A(IN“Z'J'N“’
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100 COMTINUE
RETURN
C#t#**t*t#*t**##t#tt#t#*t****tt*t’**#t‘ttt#*#t#tt
C FOR SWIRL VELOCITY
Ct#tttttt**tt#t**t*ttt**tt*#*t##**#t#t*t#tttttttt
4 CONT INUE
' o BBEYY( 2 *DELXY(IN- llyXI(IN! Xl(!h i
DO 41 J=JC2,JN
41 ACINSJoNVT )=BBRA(IN=~14Js NVT}~ (Ba-l )‘A(IN 29J9NVT)
RETURN
END
SUBROUTINE TABUCT (ITAR)
CONMMON/CVP/AL(23, 15y9|,Gl(33;15i162(33'15l.RD(BB,ISD.ZHU(BB.IS)
COMMON/CGRID/IMIN(33Y, IMAX(33),INsIN,INM, JNM,1E
COPPON#CNAPE/ATITLE(IZI.ASYMBL(IZD.ANAME(G.lOI
COMMON/CRAD/R(151
COMMON/CHEM/STCy STOXs HFEP yHFCO, FFCD2¢HFH20 ,GLOB(3) 4 2EX(3)
COMMON/CYLI/JC1+JC2+ ICsRADCL,RADC24RADNy CCNy DN JJC2, 1CM,JC2M, JCIM
COMMON/CNUMBR/NW ¢NF s NZML yNZMH ¢ NZMC o NZMF o N2ZMNo NPy NVT
COMMON/CINDEX/ INDE(9 ), INCG, INDRO y INDZMU
COMMON/CVARY/NHOT ¢NPUNCH NREAD,NPRES
C*************************t*####*t*t##**t*t*t#*#*t***t*tt*###tt*t*##**tt
c #+TABULATE## SUBROUTINE
c THIS SUBR, TABULATES THE COMPLETE SET OF RESULTS
C##tt##*#*##*#*t*****#**#***t**#tt#*#**#tt********t*t*#t#*tt**ttt#t#ttt#
CIT=ITAB: :
10=1T
IF (INDE(NP).EQ.1}) 1Q=IT+l
IF ({(NHDOT.EQ.0) .AND.(INDE(NP) .EC.1)) IT=1Q
IF (IE.EQ.5) 1Q=IT
IF ({IE.EQ.6),CR.INHOT.EQ.O1¥ GC TO 21
PRINT 101, (ASYMBLIK)yK=1:21E),(ASYMBL(K),K=1T,1Q)
GO TO 20 ’ .
21 PRINT 101, (ASYMBLIK) K=1+1E}
20 CONT INue
ILINE=0O
DO 1 J=l,JN
IL=IMIN(J}
TH=IMAX( J}
D0 1 I=1,IN
lLlNE=!LINE+r E . ot :
IF((] LTIl aOR, (14GT, IH)’ PRINT 1044 1, J
IFCUIeLTLIL)eOR(14GTLIHI) GO TC 10 - ’
H=AlTede LIRR(J)
CVE=GLITL' IV /RC(14J) - !
V2=62(13J¥/RO(144} i
IF{INDE(NVT) .EQ.1) V3= A(I.J,NVTD
IF(INDE(NVT}).EQul.AND.RIJ) GT 0.0 A(l.J.hVTl*VB/R(Jl
IF ((JE.EQ.6) DR {NHDT.EQ.O0)) C2 TG 22
PRINT 102, Iy Jv V1y V2, RO(I,J), ZMH(!.J).H.(A(I.J.KD.K 24+1E)
1 (A(l.J.Kl.K IT.XQ) [
GO 7O 23. : R . )
22 PRINT 102y Iy Jy Vie V24 RO(I4J}, ZHU(qul.H'(A(IoJ.KloK=2.lEl
23 CONTINUE : :
IFCINDE(NVT) . EQ.I) A(I,J.NVT) v3
- 10 CONT I'NUE : S
IF (ILINE/IN*IN.EQ.ILINE? PRINT 103
IFLIELEQ.6.0R.NHNT.EQ.0) GD 1O 24
IF(CINLLT.33) JANDLIILINEZ(2%INIS(2%IN) .EQ, lLlNEll PRINT 101,
2UASYMBLIKY ¢K=1,1E )y CASYMBLAK) o, K=ET,IQ) - ° ¢
TIF((TN.EQ.33) .AND.(ILINE /L INP=( IN' EQ.ILINE)) PRINTY 101,
2(ASYMBLUKISK=14TE) yCASYMBL (K Jo K= 1T 1CQ)- .

!
|
I
|
|
|
|
|
|
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GO TU 25 ’ E
24 TFCCINWLTL331.AND, (ILINE/(Z*KN’*(Z*IN.-CQ IL[NE,' PRINT 101,
2UASYMBLIKY K=l ,1E} i
IFCUINLEQ.33) ,AND.TILINE /( INI®S( IN).EQ.ILINE)) 'pRlNT 101,
2C(ASYMBLUKY K=1,1E) L :
25 CONTINUE.
1 CONT INUE o )
101 FORMAT (10HL 1 Je48H vl v2 DENSITY
1vIscC 16 16X A6
102 FORMAT (LK ,2154,10¢(1PEL2,3})
103 FORMAT(1H |}
104 FORMATI(1H ,215)
RETURN
END
SUBRAUTINE PLOTCT (1TAB) ’ '
COM”)N/CVP/A(33'1599'y51(33v15’162(33p15'yR0(33'15’|ZMU(33.15’
COMMON/CGRID/ZIMIN(33 ), IMAX(33)4IN,JNsThMe JNM,IE
COMMON/CNUMBR/NW g NF s NZMLU NZMH NZMC ¢ NZMF 4 NZMN NP NVT
COMMON/CINDEX/ INDE(9 1, INCG, INDRO, INDZMU
COMMON/CNAME/ATITLE(12) 4 ASYMBL(12) 9+ ANAME(E,101%
COMMON/CYLE/ZJC1,JC2, ICyRADCL JRADC2yRADNsDCNIDNQJJIC2,1CM, JC2M,JCL N
COMMON/CHEM/STCySTOXsHFP, HFCO'hFCOZ,HFHZO'GLOB(3’OZEX(3,
COMMDON/CRAD/R(1S)
DIMENSION X(IZO"XA(Q’vVJ(Q"C(ll’lV(ﬁl.
DATA INTVALWNVJIL/3,7/
DATA XEMTY,XBOUN.(XA{L)yL=1,9)/1H 'IH-QIHI 1”201”3!1”411“51‘“61
1 1H7,1H8,1H9/
(323313322 E 2223233382 f 22332 RS2 3 I 1S RSS2 122222 P22
C 2#PLOTTINGe2 SUBROUTINE
c TH1S SUBR. GIVES APPROX. CONTOUR~-PLCTS OF THE DEPENDENT VAR,
C ALSO OF TEMPERATURE _
€ ook ok A R R R AR R K R A R R AR AR ARk AR Rk bk kR
c
Chexx INTVAL=NUMBER OF "LINE-SPACING BETWEEN TWO J-LINES
Cwt ek NVJ=NUMBER OF CONTOUR-L INES TO BE PLOTTED FOR EACH VARIABLE
¢ : .
D0 20 J=1,JN
00 20 I=1, 1IN
AlLsJoehWi=A(1,JsNWIER(J) o
IF({INDE(NVT),EQ.1).AND. (R{J).GT.0.0)) A(l'J'NVT"A!I'J'NVT’/R(J,
20 CONT INUE .
I1X=IN/10O
JX=JIN/10
IFUINLLTY .10} IX=1
IF{INL.LTL10) JX=1
1Q=1TAB
DO 900 K=1,1C
IF(K.EQ.NF} GO TO 30
NVJ=NVJ1l
IF (K.EC.NH)} NVJy=5
IF(NVJLEQ.s1) NVJI=NVIL
Chukx FINDING MAX.e MIN. AND MEAN VALUES IN THE FIELD AND
Chxk ¥k HENCE ODETEPMINING THE INTERVALS
VMIN2A(5,5,K)
VMAX=A(B,8,K)
SUM=0,
NSUM=0
DO 1 J=1l4JdN,JX
ITI=1IMINCOY
I12=1MAX(J)
D0 1 I=J11,112,1IX
TF(ACL o J oK1 o GT JVMAX) VHAX=A(T,J.K)
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TFOACT2dvK) oL ToVHINE VHINSACL, o K
., SUMESUM#ALT,d4K) - ;
1 NSUM=HSUFel
. VMEANS SUM/ELOATINSUNI .
VSTEP1=(VMEAN-VMINI/3.
VSTEP2={VMAX~VVEANI /3.
VJ(1)=VMIN+VSTEP L
{VJ121=VI (1 )+VSTEP)
VJ(3)=VMEAN
VJ(4)=VMEAN+VSTEP2
VJL5 1=VI (4 )+VSTEP2
VJI(61=0,95%VMAX
VIUT1=1.05%VKIN

c

c SPECIAL VJ VALUES FOR OPPDSEC JET PRBBLEM

Cc . :
’ Go TD 8

30 VJIL)=Al143,NF)

VJI(2)=Al 1, (UN~6) (NF)
VJ(312A(1, (UJN=4),NF)
VI{4I=A0 Lo (IN=2) JNF}
VJ(S1=A(1y (JN=11,NF)
VJ(6)=A(1,1,NF)
VJ(TI1=ACIC »JC L 4NF)
VJ(81=1.02%a(ICyJCL4NF}
VI(9)x1,05%4(1C, JCLHNF)
NVJI=9 .
G0 70 8
1 NVJI=1
VJ(11=STC/{1.+STC)
8 CONT INUE
C -END. SPECIAL VJ VALUES FOR C-T PROBLEM
c
c

Yy PRINT QUT CONSTANT VALUES TO BE PLOTTEC
- PRINT 1Q1,ASYMBL(K)

PRINT 102,(VJIL)sL=1yNVI)
PRINT 202
DO 90 JJ=1,JINsJX
J=IN#1-J)
II1=TMINSJ) .
11.2=1 MAX (D)
L1=(IMIN(II/ZIX-1/1X)%20+)
L2=(IMAX (JIZEX=1/71IX}*10+1
L3=(IC/I X)*10-3
IF (INJLE.21) L3=(1C/7IX)*10
Le=(IN/IX=1/1X3*10 + 1}
I1B=IX~-1/1X+IMINCJI)

Canss BOUNDARIES FOR THE PROBLEM
DO 80 JJN=1,INTVAL
00 100 L=1,101

100 X{L)I=XEMTY
X{L1)=XBOUN . . ..
IF ~ ((JJLE.JC1). AND.(J GT.lbl L2=L3
X(L2}=XBOUN
IF(CJLEQ.IN) sAND . {JIN.EQ.L1)) GO TC 200
IF({J.EQ.1).AND.(JIN,EQ.1)) GO TO 200
GO TO 300

200 DO 201 L=L1,L4

201 X(L)=XROUN :
G0 T0 390

300 CONTINUE
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Cerkx SPECIAL POUNDARIES FOR THE COMBUSTION-CHAMBER PROBLEM
(o .
IF (({JeLEeJC2) o ANDe(JeGToJCLY 1eOR{{JLEQ.ICLY) LANDL(JIN.EQ. 1))
1 GO TO 405
GO T9 400
405 DD 406 L=L3,14
406 X{L)=XBOUN
400  CCNTINUE
390 CCGNTINUE
Ckkx® INTERPOLATION BETWEEN TWO CONSECUTIVE J-L INES
KIENEN} .
IF(C(J.EQ.JC2) JAND. [JUNJNE, 1)) [12=1C
00 70 I=1I1,112
IF ((JeEQe1l) eORe({J.EQ.JC2)ANCL{1.GT.IC))) GO TO 65
DELAJ=CA(T yJ14KI=A(14J4K)}} /FLOATLINTVAL)
. GO TO 70 :
65 DELAJ=0.
70 Y{I1=A{I+J,KI+FLOAT({JIN-1) *DELAY
Cresx INTERPOLATION BETWEEN TWO I-LINES
DO 60 I=1B,112,IX
IMARK=0
I1=]~-1IX
IF{IX.EQ.2) GO TO 71
G0 TG 79
71 OELY1=(Y(I14¢1)-Y(I1})}/S.,
DD 72 1JK=1,6
12 C{IJK)=Y({I1)+FLOAT(IJK=-1)%DELYL
DELY2=(Y(I)=-Y(I1+1))/5.
DO 73 1JK=7,11
73 COEJK)I=Y {1141 )+FLOAT(IJK-6)%DELY2
GO 10 74
7 CONTINLE
DELY=(Y(})-Y(I1)}/10.
DO 50 1JK=1,11
50 ClIJKI=Y(I11)+FLOATITIJIK-1)*DELY
14 CONT INUE
DO 40 KL=1,NVJ
DO 40 1JK=1,10
IF({IX.EQ.2) AND(1JK.LT.6)} DELY=DELY]
IF((IXeEQe2) s ANDe(I1JUK.GE.6)) CELY=DELY2
NN=O0
IFU(VIEKL) sGELCUIIK) ) JANDLIVIIKL ) LE «{CITJK)+DELY/2.)) ) NN=TJK
IFC(VI(KL) oGE o (C{TJKI+DELY /20 1o ANDIVUIKL)LLE SCUTIJUK+1)) ) NN=IJK+1
JFQIVI(KL ) GLECUTIK) Vo AND. (VUKL ) oGEL{CLTIJK)+DELY/2,)) ) NN=IJK
IF{NN.EQ.O) GO TO 44
GO TO 41
44 TF({IMARK.EQ.O0) . AND. {JIN.NEe 1) s AND. (I JK.EC.10)) GO TO 45
GO TO 40
45 DELAJ={AL{T+J14KI=A(I,3+K))/FLOATLINTVAL)
CTOP =Al1,J,K)+FLOAT(JIN=~2)*DELAJ
TF((VI(KL) JLES(CTOP+DELAY/ 2. 1) AND{VI{KL ) oGE{C{11)¢DELAJ/2.))}

1 NN=11
IF(IVI(KL) .GEL(CTOP+DELAY/2.)) ANDL (VUKL YL LE.(CULL)4DELAJ/2,. )Y
1 NN=11

IF(NN.EQ.O) GO TO 40
41 N1=(I1/IX)*10
N2=N1+NN
X{N2)=XA{KL)
IMARK=]
40 CONTINUE
Ckx PLOTTIMNG OF ALL POINTS ON ONE J-LINE
60 CONT INUE
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IF({JINCEQ.L) e AND{JNEJINI) G0 TO 61

GO TO &2

61 IF({K.EQ.NF} sAKD.{J.EQ.1)} GO TO 67

802 D0 63 1S5=L1,1L2,10

63 X{LS )=XBOUN
IF{(K.EQeNF) JAND. (J.EQ.JC2)} GO TO 64
GO TO é&2

664 DO 66 15=13+14,2

66 X{LS5)=XBOUN
GO TO €2

67 DO 69 L5=L1,L3,2

69 - XULSI=XBOUN

62 CONT INUE
IF (JUNCGEQel) PRINTY 104y Jy(X(IP),IP=1, 101}
IF (JUNJNEL1) PRINY 105, (X(IP),1IP=1y 1011
IF(J.EQ.1) GO TO 90
80 CONTINUE
90 CONTINUE
PRINT 202, (12,1I2=1,IN,1IX)
900 CONTINUE
101 FORMAT (25H1ICCNSTANT-VALUE PLOT OF ,A6//23H NUMBERS REFER TO THE
139HCONSTANT-VALUES PLOTTED,VALUES BEING.«+//)
102 FORMAT (1H ¢3H1= ,1PELZ2.4, LHyy 3X,
3H2= 41PE12.4, 1H, 93X,
3H3= 'IPE].Z-lf' 1H9'3x'
3H4= ,4,1PEl12.4, 1”713X1
3HS5= J1PE12.4/
4H 6= 21PE12.4, 1H, 4 3X,
3HT= +1PEl12.4, 1H, 43X,
3H8= ,1PE12.4, IH 43X,
3H9= 41PE12.4)

O NV D WA

103 FORMAT(1HL)
104 FORMAT(1H ,12,10X,101A1)
105 FORMAT (1H +12X,101A1)
202 FORMATU(1RHO///)
302 FORMAT(1HZ//12Xs11(12,8X%)7)
RETURN
END
SUBROUTINE PRESCT
RETURN
END
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